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books of 20 leaves and packed in boxes of 6, 
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505. The Nucleotide Sequence in Deoxypentosenucleic Acids. Part I. 
The Action of Mercaptoacetic Acid on Calf-thymus Deoxyribonucleic 


Acid. 


By A. S. Jones and D. S. Letuam. 


By treatment of calf-thymus deoxyribonucleic acid with mercaptoacetic 
acid, the purines were removed and replaced. by carboxymethylthio-groups. 
The reaction did not go to completion unless anhydrous zinc chloride and 
sodium sulphate were also present (at 37°). Since only 62% of the 
phosphorus of the deoxyribonucleic acid was rendered dialysable, the product 
was suitable for studies of its degradation by alkali and hence for 


determination of the sequence of the pyrimidine nucleotides. 


THE enzymic degradation of deoxyribonucleic acid has been extensively studied,4* 
Deductions from these results concerning the nucleotide sequence in the deoxyribonucleic 
acid have, however, not been very fruitful, owing to the obscure nature of the enzymic 
specificity and to the possibility of exchange reactions, similar to those occurring during 
action of ribonuclease. In the present investigations, therefore, a chemical method for 
the specific degradation of deoxyribonucleic acids has been developed. Since deoxy- 
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O=P-OH 
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Purine 
CH($*CH*CO>H), 


Pyrimidine f Pyrimidine 
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pentosenucleic acids, in the form usually isolated from cells, are mixtures of different 
polynucleotides,*® it is not possible to deduce a detailed nucleotide sequence from degrad- 
ative studies. However, useful information of a more general character, ¢.g., whether 
purines and pyrimidines are found in any given arrangement with respect to each other, can 

' Smith and Markham, Nature, 1952, 170, 120; Biochim. Biophys. Acta, 1952, 8, 350 

* Zamenhof, Chargaff, and Brawerman, J. Biol. Chem., 1960, 187, 1 

+ Overend and Webb, J., 1950, 2746. 

* Heppel and Whitfield, Biochem. J., 1955, 60, 1; Heppel, Whitfield, and Markham, ihid_, p & 

* Chargaff, Crampton, and Lipshitz, Nature, 1953, 172, 289 

* Brown and Watson, Nature, 1953, 172, 339 
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be obtained. From preliminary experiments’ it was deduced that in calf-thymus 


deoxyribonucleic acid there occur regions in which at least three pyrimidine nucleotides 


are adjacent. 

Since removal of the purines from deoxyribonucleic acid with dilute acid liberates 
2-deoxy-p-ribose residues which are partly in the aldehydo-form,® simultaneous treatment 
with a thiol® should give a dithioacetal (II; where the thiol is mercaptoacetic acid, 
HS*CHyCO,H). In this product a hydroxyl group would be adjacent to the 3’- and 5’- 
phosphate residues, hence cyclic phosphate formation of the type known to render pentose- 
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Fics. 1—3. The reaction of eo Arg etic 
acid with calf-thymus deoxyribonucleic acid, 
A, at 16°; 3B, at 36°; C, at 62°; D, in the 
presence of zinc chloride and sodium sulphate 


at 37°. 


Days 


nucleic acids labile to alkali! would be possible. On alkaline hydrolysis of the dithio 
acetal, fission would be expected to occur at the internucleotide linkages, which in the 
intact deoxypentosenucleic acid were to purine nucleotides, byt not at those between 
pyrimidine nucleotides, There would thus arise pyrimidine oligonucleotides, the 
separation and identification of which would give information about the sequence of the 
pyrimidine nucleotides in the deoxypentosenucleic acid. The sequence of the purine 
nucleotides might then be inferred, by assuming that in intact deoxypentosenucleic acid 
adenine is linked by hydrogen bonds to thymine, and guanine to cytosine." 
Mercaptoacetic acid (HS*CH,°CO,H) was selected for this work because it readily 


’ Jones and Letham, Biochim, Biophys. Acta, 1954, 14, 438 
* Chong-Fu Li, Overend, and Stacey, Nature, 1949, 163, 538 
* Kent, Nature, 1950, 166, 442 

Brown and Todd, /., 1952, 52 

't Watson and Crick, Nature, 1953, 171, 737 
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dissolved deoxyribonucleic acids and was very reactive towards aldehydes, producing 
dithioacetals without the addition of a catalyst."* It would be expected, therefore, that 
mercaptoacetic acid would produce a dithioacetal from deoxyribonucleic acid with little 
degradation of the main phosphodiester “ backbone.’’ Mercaptoacetic acid, alone, was 
however not suitable: it did not react completely with commercial calf-thymus deoxy- 
ribonucleic acid at 16°, 36°, or 62° (Figs. 1—3), although at 36° there was complete liber- 
ation of guanine. At 62° large amounts of dialysable phosphorus were produced and the 
sulphur content of the product was only slightly higher than that from the reaction at 36°, 
No advantage was obtained by removing the purines from deoxyribonucleic acid with 
dilute acid,’ and treating the resulting apurinic acid with mercaptoacetic acid. 

When the apurinic acid was treated with mercaptoacetic acid in the presence of fused 
zine chloride and anhydrous sodium sulphate at 37°, the sulphur content of the product 
was very near to the theoretical value. When applied to the reaction with calf-thymus 
deoxyribonucleic acid, these catalysts accelerated both the rate of purine release and the 
rate of incorporation of sulphur, the former being complete well before the latter. Products 
with sulphur contents close to the theoretical were obtained and only 6-2% of the total 
phosphorus was rendered dialysable. Over 90°, of this dialysable phosphorus was 
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of phosphorus, Ep) of calf-thymus aldehydo- 
apurinic acid di(carboxymethyl) dithioacetal. 
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‘organic phosphorus.” It appeared that free thymine and cytosine were not formed in 
appreciable quantities but small amounts of thymine and cytosine were isolated from the 
formic acid hydrolysate of the dialysable material. 

While this investigation was in progress, the production of a diethyl dithioacetal from 
herring-roe deoxyribonucleic acid, by use of ethanethiol and hydrochloric acid, was reported 
by Lucy and Kent.!* Comparative experiments with this reagent were carried out on 
calf-thymus nucleic acid, Treatment with ethanethiol and 10n-hydrochloric acid at 0° 
gave an insoluble gum into which sulphur was incorporated. When the sulphur content 
was 60°, of the theoretical for complete incorporation, 18°, of the total phosphorus had 
already been rendered dialysable. This reagent, therefore, caused greater degradation of 
the main phosphodiester linkages than did mercaptoacetic acid in the presence of the 
catalysts. In a recent paper '® Kent, Lucy, and Ward have described their method in 
greater detail: they report only 10% of a non-dialysable dithioacetal. Only limited 
information about nucleotide sequence could be expected from the examination of such a 
small fraction of the intact deoxyribonucleic acid. 

The product of the reaction of mercaptoacetic acid, zine chloride, and sodium sulphate 
with calf-thymus deoxyribonucleic acid (sample 2) was essentially free from purines and 
contained the theoretical amount of sulphur. The product obtained from sample 1 (which 


1* Bongartz, Ber., 1888, 21, 478. 

‘Ss Tamm, Hodes, and Chargafi, J. Biol. Chem., 1952, 195, 49 
1% Jucy and Kent, Research, 1953, 6, 49s 

6 Kent, Lucy, and Ward, Biochem, J., 1955, 61, 529 
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was less pure than sample 2) contained 95% of the theoretical amount of sulphur and gave 
a faint colour with Schiff’s reagent indicating the presence of about 4°, of the free aldehyde 
groups found_in apurinic acid. The absorption spectrum of the dithioacetal (II) (Fig. 4) 
was similar to that of apurinic acid.'* These properties showed that the reaction in the 
presence of the catalysts proceeded in the manner indicated. It has been suggested 
that mercaptoacetic acid may react with deoxyribonucleic acid in other ways,}* but this is 
excluded because there were 4%, of free aldehyde groups in the product in which dithio- 
acetal formation was only 95°, complete (as shown by sulphur analysis), which shows that 
there was little tendency to formation of a monothioacetal. Therefore, since the sulphur 
contents of the products were close to the theoretical for complete replacement of the 
purines it may be concluded that there was little reaction of mercaptoacetic acid.with other 
groups in the molecule. In the absence of the catalysts, it appeared that either some 
aldehyde groups were less reactive than others, or thioglycosides were formed from some 
2-deoxy-p-ribose residues. The production of dialysable phosphorus during the reaction 
indicated that some fission of the main internucleotide linkages had occurred. However, 
since 90°/, of the material was non-dialysable, it was considered to be suitable for the 
proposed structural studies which are reported in the following paper. 


I-XPERIMENTAL 

Nitrogen was determined by Ma and Zuazaga’s method “ and phosphorus by that of Jones, 
Lee, and Peacocke.” Sulphur was measured by a micro-adaptation of the method of Belcher 
elal.* ‘She compound, containing about 0-35 mg. of sulphur, was heated at 280—290° for 3 hr. 
in a sealed tube with sodium chloride (6 mg.) and concentrated nitric acid (0-3 ml.), The nitric 
acid was removed in a current of warm air, and the residue dissolved in water. Phosphate was 
precipitated as ammonium magnesium phosphate, which was used for the determination of 
phosphoru Sulphate was precipitated from the acidified supernatant liquid as 4-amino-4’- 
chlorodipheny] sulphate, which was centrifuged with a trace of cetrimide (Cetavlon) to effect a 
clean separation, and titrated with dilute aqueous sodium hydroxide. The method gave results 
within 1% of the theoretical with benzaldehyde di(carboxymethy]) dithioacetal, p-glucose 
diethy! dithioacetal, and p-glucose diethyl dithioacetal in the presence of deoxyribonucleic acid. 

Deoxyribonucleic Acids,—Preliminary experiments ‘were carried out on a sample of 
commercial calf-thymus deoxyribonucleic acid which had been freed from protein by Sevag’s 
method.” It contained 1-00 mole of adenine and 0-80 mole of guanine per 4 atoms of 
phosphorus (Found: N, 14-6; P, 90%). Sore cytosine had been deaminated to uracil but no 
pentose was present, The deoxyribonuclcic acids used for the final experiments were isolated 
from calf thymus by Mirsky and Pollister’s method™ but with deproteinisation by 
detergent,”.* They contained no detectable sulphur. The compositions are tabulated. The 
base composition was determined in triplicate by the method of Laland ef al** The nucleic 
acids were dried at 110° at 20 mm, for 2 hr. before treatment with mercaptoacetic acid. 


Composition of calf-thymus deoxyribonucleic acid. 
Moles of bases per 4 atoms of phosphorus 
Sample N (' adenine guanine cytosine * thymine 
l d , 1-05 0-83 0-83 1-06 
2 b 1-09 0-85 0°88 bil 
* Includes 5-methylcytosine 


Reaction of Calf-thymus Deoxyribonucleic Acid with Mercaptoacetic Acid.—-Three solutions of 
commercial calf-thymus deoxyribonucleic acid (0-6 g.) in mercaptoacetic acid (98%; 10 ml.) 
were kept at 16°, 36°, and 62° severally. Aliquot parts (0-5 ml.) were withdrawn at intervals 


‘© Ma and Zuazaga, Jnd, Eng. Chem. Anal., 1942, 14, 280 

17 Jones, Lee, and Peacocke, J., 1951, 623 

'* Belcher, Nutten, and Stephen, J., 1953, 1334 

18 evag, Biochem, Z . 1934, 273, 419 

* Mirsky and Pollister, Proc. Nat, Acad, Sci., U.S.A., 1942, 28, 344 
' Marko and Butler, J. Biol. Chem., 1951, 100, 165 

** Jones and Marsh, Biochim. Biophys. Acta, 1954, 14, 559 

* |aland, Overend, and Webb, /., 1952, 3224 
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from each solution and diluted with ether (5 ml.), and the resulting precipitates centrifuged, 
washed with ether, dried, and dissolved in distilled water (2—3 ml.). The solutions were 
transferred quantitatively to washed dialysis bags and dialysed for 118 hr, at 0° against two 
changes of distilled water (200 ml.). The solutions in the dialysis bags were freeze-dried and 
the products analysed for sulphur. Samples of the dialysable material from each precipitate 
were adjusted to pH 1 with hydrochloric acid, and the concentrations of adenine and guanine 
determined by measurement of the optical extinctions at 249 and 262-5 mu. A slight correction 
to the values was made to allow for the absorption of small amounts of mercaptoacetic acid 
(estimated trom the sulphur contents). From these results, the rates of liberation of guanine 
from the deoxyribonucleic acid were calculated, it having been previously shown that guanine 
dissolved in mercaptoacetic acid was almost completely precipitated (98%) by 10 vols. of ether, 
The precipitation of adenine, however, was incomplete and variable so that the liberation of 
adenine could not be calculated. As a check, the adenine and guanine contents of some of the 
non-dialysable fractions were determined. They corresponded with the dialysable guanine 
values and showed that the rates of liberation of guanine and adenine were about equal, 
Samples of the dialysate were also taken for the determination of dialysable phosphorus, The 
guanine liberated during the reaction at 62° was not measured owing to the production of large 
quantities of dialysable phosphorus and hence pyrimidines. The results are recorded in 
Figs. 1—3 

Reaction of Caif-thymus Apurinic Acid with Mercaptoacetic Acid.-(a) Wtihout catalysts, 
Apurinic acid (80 mg., prepared according to Tamm et a/.'*) was treated with mercaptoacetic 
acid at 16°. The sulphur content of the product, and the dialysable phosphorus, were measured 
at intervals as described above. The results were : 


Time (days) 
Sulphur (% of theoretical) dle ’ 61. 
Dialysable phosphorus (% of total P) ‘ . 9- 


« 


, 
9 


(b) In the presence of sinc chloride and sodium sulphate. Apurinic acid (60 mg.) was dissolved 
in mercaptoacetic acid (4 ml.), freshly fused zinc chloride (0-4 g.) and anhydrous sodium sulphate 
(0-3 g.) (cf. Hauptmann ™) were added, and the suspension was shaken at 16° for 10 days, The 
product was precipitated with ether and suspended in acetate buffer (4 0-2; pH 6-0; 10 ml), 
and the suspension dialysed (18 hr.) against distilled water. Glycine (1 g.) was added to the 
suspension in the dialysis bag, and the resulting clear solution dialysed (18 hr.) against 1%, 
glycine solution, followed by running tap-water (18 hr.) and finally distilled water. The product 
obtained after freeze-drying of the solution contained 84-7°/, of the theoretical sulphur content. 
The reaction was repeated at 37° for two days, yielding a product containing 08% of the 
theoretical sulphur content. 

Reaction of Calf-thymus Deoxyribonucleic Acid with Mercapltoacetic Acid in the Presence of 
Catalysts.—Calf-thymus deoxyribonucleic acid (sample 1; 141 mg.) was dissolved in mercapto- 
acetic acid (5 ml.) by shaking at room temperature. Fused zinc chloride (0-5 g.) and anhydrous 
sodium sulphate (0-3 g.) were added (the zinc chloride precipitated some of the deoxyribonucleic 
acid), and the suspension was shaken at 37°. Aliquot parts (1 ml.) were removed at intervals 
and the products precipitated by the addition of ether (10 ml.). The precipitates were washed 
with ether and suspended in acetate buffer pH 6, to which glycine (0-2 g.) was added, and the 
suspensions were dialysed against changes (200 ml.) of 01% glycine solution. Glycine (to 10%) 
was added to the solutions in the dialysis bags, the solutions were centrifuged to remove small 
quantities of guanine, the dialysis was continued against tap-water and then distilled water, and 
the material freeze-dried. The sulphur content of the product, the dialysable phosphorus, and 
the guanine were estimated as before. To the last there were added the guanine which remained 
insoluble in the dialysis bags. The results are shown in Figs. |—3. The dialysable “ inorganic 


phosphorus '’ was 


Time (days) 2 3 4 6 
Inorganic phosphorus (% of total dialysable P)... 4°3 6-0 71 69 &7 


The product obtained when the reaction had proceeded for 36 hr, was isolated. It contained 
3-59 atoms of sulphur per 4 atoms of phosphorus and had the following composition (moles of 
base per 4 atoms of phosphorus): adenine, 0-01; guanine 0-00; thymine 1-17; cytosine 0-41 
The ultraviolet absorption spectrum at pH 7:2 is shown in lig. 4 (/, at 267 my 4650). The 


“ Hauptmann, J. Amer. Chem. Soc., 1947, 69, 5662. 
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ultraviolet photographs of the chromatograms developed with the butanol solvent of Laland 
et al,™ showed a component travelling slightly faster than, but not completely separated from, 
thymine, This material was a derivative of mercaptoacetic acid. To correct for the inter- 
ference due to the presence of this substance, a blank containing mercaptoacetic acid 
equivalent to that present in the nucleic acid derivative was hydrolysed with formic acid and 
chromatographed, ‘To detect free aldehyde groups in the product, the supersensitive Schiff's 
reagent of Tobie“ was used. ‘This indicated that about 4% of the reducing groups were free 
(calf-thymus apurinic acid being used as a standard). 

Calf-thymus aldehydoA purinic Acid Di(carboxymethyl) Dithioacetal.--Calf-thymus deoxyribo- 
nucleic acid (sample 2; 1 g.) was dissolved in mercaptoacetic acid (45 ml.), fused zinc chloride 
(6-5 g.) and anhydrous sodium sulphate (3-5 g.) were added, and the mixture was shaken at 37° 
for 34 hr. [Ether (450 ml.) was then added, the precipitate centrifuged, washed with ether, 
dried, and shaken with acetate buffer (u 0-1; pH 6-0; 100 ml.) containing glycine (5g.). The 
suspension was dialysed against changes of 0-5% glycine solution at 4° and centrifuged. The 
undissolved fraction was shaken with 6% glycine solution (100 ml. amounts) until only guanine 
remained, The combined solutions were dialysed against running tap-water, then against 
distilled water, and freeze-dried, The product (0-90 g.) contained 3-96 atoms of sulphur (102%, 
of theoretical), 0-01 mol, of adenine, no guanine, 1-19 mols. of thymine, 0-84 mol. of cytosine, 
and 0-04 mol. of 5-methylcytosine per 4 atoms of phosphorus. 

Examination of the Dialysable Material.Calf-thymus deoxyribonucleic acid (sample 2; 
0-5 g.) was treated with mercaptoacetic acid, zinc chloride, and sodium sulphate as above and 
dialysed against several changes of distilled water (without glycine). The solutions containing 
the material which had diffused through the dialysis bags were combined, concentrated by 
evaporation under reduced pressure, adjusted to pH 6, and freeze-dried. Direct hydrolysis of 
the product with formic acid, followed by paper chromatography, caused bad streaking owing 
to the large amount of salt (zinc chloride and sodium sulphate) present. This was overcome as 
follows: The material was packed as a column in a glass tube, and formic acid percolated 
through it. The first 0-6 ml, of this solution, which contained almost all the ultraviolet- 
absorbing material and much less salt, was hydrolysed with formic acid and the products were 
separated by paper chromatography. Thymine and cytosine were present in the molar ratio 
of 1-20: 1 (cf, the ratio of 1-32: 1 in the intact nucleic acid), 

Lixamination of the Material not Precipitable by Ether.—-The ether was removed by evapor- 
ation from the supernatant liquid obtained after ether-precipitation of the dithioacetal, and the 
solution examined by paper chromatography in the usual way. Two ultraviolet-absorbing 
components were detected; a large spot having Ry, 0-88 (butanol solvent of Laland et al.™) was 
due to mercaptoacetic acid or a reaction product of mercaptoacetic acid and a spot which 
contained only adenine. Cytosine, thymine, and pyrimidine nucleotides were absent. Since 
thymine was not precipitated by ether under the conditions used above and cytosine only 
incompletely precipitated, it appeared that free cytosine and thymine were not produced by the 
reaction of mercaptoacetic acid with deoxyribonucleic acid. 

Reaction of Calf-thymus Deoxyribonucleic Acid with Ethanethiol and Hydrochloric Acid.—Calf 
thymus deoxyribonucleic acid (sample 2; 60 mg) was shaken at 0° for 7 days with ethanethiol 
(10 ml.) containing hydrochloric acid (d 1-16; 0-12 ml.). The deoxyribonucleic acid was thus 
gradually transformed into a gum which did not dissolve. Ether (several volumes) was added, 
then removed by decantation, and the residual gum was washed several times with ethanol, 
dissolved in acetate buffer (pH 6), and dialysed against changes of distilled water. The 
dialysable phosphorus was found to be 92%, of the total, The non-dialysable product obtained 
on freeze-drying contained sulphur but there was not sufficient material for a complete analysis 
rhe above reaction was then repeated but for only 16hr. The non-dialysable material contained 
4:2% of sulphur (2-38 atoms of sulphur per 4 atoms of phosphorus; 61%, of theoretical) and 
18%, of the total phosphorus had become dialysable during the reaction. 
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506. The Nucleotide Sequence in Deoxypentosenucleic Acids, Part 11.* 
The Alkaline Degradation of Calf-thymus aldehydoApurinic Acid 
Di(carboxymethyl) Dithioacetal. 


3y A. S. Jones, D. S. Lernam, and M. Sracey. 


Degradation of calf-thymus aldehydoapurinic acid di(carboxymethy]l) 
dithioacetal (1) with dilute alkali gave dialysable fragments. These have 
been separated by paper chromatography and paper electrophoresis into 
at least 20 components, some of which have been identified, including 
thymidine, deoxycytidine, nucleoside diphosphates, and derivatives of 
dinucleotides and of a trinucleotide. The results show that in calf-thymus 
deoxyribonucleic acid there are regions in which at least three pyrimidine 
nucleotides are linked together. 


[ue preceding paper described the preparation of calf-thymus aldehydoapurinic acid 
di(carboxymethyl) dithioacetal (I) by the action of mercaptoacetic acid on calf-thymus 
deoxyribonucleic acid in the presence of zinc chloride and anhydrous sodium sulphate. 
On alkaline hydrolysis of the dithioacetal (1), fission could apparently take place in two 
ways represented by (A) and (B) in (I). If fission occurred at (A), 3’- and 4’-phosphates 
corresponding to the ‘‘a” and “b” nucleotides from pentosenucleic acids would be 
formed. The structure with the terminal 3’-phosphate could presumably undergo fission 
at (B), but the 4’-phosphate would be expected to be stable to alkali since cyclic phosphate 
formation could not take place. If fission occurred at (B), the 4’- and the 5’-phosphates 
would be formed, of which the 5’-phosphate would be expected to undergo further fission 
and the 4’-phosphate to be stable. Hence two series of products might arise; the first 
would consist of pyrimidine oligonucleotides carrying a terminal 2-deoxy-aldehydo-p- 
ribose phosphate di(carboxymethyl]) dithioacetal residue, and the second of sulphur-free 
pyrimidine oligonucleotides without a terminal phosphate group. 


(A) 
| O—H,C 


oO 


X=pyrimidine 
Y= CH ($°CH,*CO,H da 


lamm et al.* found that apurinic acid was degraded by dilute alkali and put forward 
a mechanism similar to that proposed above for the degradation of the dithioacetal (1). 
trown and Todd * suggested, however, that when apurinic acid is treated with dilute alkali, 
elimination of the phosphate groups occurs at position 3’ which is 6 with respect to the free 
aldehydo-groups. With the dithioacetal the latter reaction would not be expected. 

Hydrolysis of the dithioacetal (1) at pH 12-4 at 37° for 15 hr. rendered 45%, of the 
phosphorus dialysable against sodium hydroxide solution (pH 12-4) and a further 50%, 
dialysable against 2m-sodium chloride. The hydrolysate was resolved into eight zones 
(numbered 1-8 in order of increasing Ry value) by paper chromatography with propan-2 
ol-ammonia. These were eluted and analysed for phosphorus, sulphur, and pyrimidines, 


* Part I, preceding paper 
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All except zones 7 and 8 contained sulphur, and each zone which contained cytosine also 
contained 5-methyleytosine in a similar proportion to that in the intact deoxyribonucleic 
acid. Zones 2—6 were further resolved by paper electrophoresis and paper chromato- 
graphy into a total of seventeen components. Zones 7 and 8 were homogeneous, but not 
zone 1, which contained 45% of the pyrimidine residues (attempts to fractionate it have 
so far been unsuccessful). After prolonged dialysis of the total hydrolysate of the dithio- 
acetal against distilled water, only zone | remained in the dialysis bag. 

The structures of the components whose identity appears certain are shown in Table 3. 
The homogeneity of most of the components with respect to their composition is supported by 
the analytical resuits and the fact that they could not be further resolved by chromatography 
or electrophoresis. Components 2B and 2C may have a different sequence from that 
indicated or be mixtures of substances of the same composition but different sequence. 
The terminal phosphate has been assigned to the 2-deoxy-aldchydo-p-ribose di(carboxy- 
methyl) dithioacetal residue in view of the proposed fission mechanism and results of 
experiments on the action of snake venom diesterase on certain of the components (see 
following paper). It was unlikely that any of the components contained a 2-deoxy-aldehydo- 
p-ribose di(carboxymethyl) dithioacetal residue flanked on both sides by pyrimidine 
nucleotide residues since rehydrolysis of the components of each chromatographic zone 
did not alter their Ry values. The possibility that there occurred pyrimidine oligonucleo- 
tides carrying two terminal 2-deoxy-aldehydo-p-ribose di(carboxymethyl) dithioacetal 
residues was excluded, in the case of the identified components, by the analytical results, 
but such structures may be included in the unidentified components. The structures 
assigned to the components are supported by phosphorus, sulphur, and pyrimidine analyses 
(Table 3). The identities of zones 7 and 8 are also supported by their electrophoretic 
behaviour and of components 6A, 6B, and 6C by electrophoresis and enzymic degradation. 
Hydrolysis of component 2B with an acidic ion-exchange resin followed by treatment with 
phosphomonoesterase gave dithymidine phosphate, thus showing the presence, in this com- 
ponent, of an oligonucleotide with two adjacent thymine nucleotides. The structure of com- 
ponent 3B was doubtful since it was sulphur-free, but from the pyrimidine composition it 
was concluded that it contained at least three pyrimidine residues. Its structure as a tri- 
nucleoside diphosphate has been tentatively proposed in view of its position on the chroma- 
tograms, its behaviour on dialysis, and the fission mechanism which would be expected 
to give rise to sulphur-free fragments. Zones 4 and 5 were heterogeneous, containing at 
least 2 and 3 pyrimidine-containing fragments respectively, none of which have been 
identified. Zone 5 reacted with sprays specific for «-glycols, and it contained only 0-46 
atom of phosphorus per atom of sulphur. Zone 4 contained more phosphorus than would 
be expected from its low pyrimidine content, and zone 6 contained sulphur which was not 
found in components 6A, 6B, and 6C. Thus the products from the degradation of the 
regions in the dithioacetal (I) which were free from pyrimidines, were probably in zones 
4,5, and 6. The analytical results suggested that zone 1 was mainly trinucleotides. Its 
non-dialysability against water indicated, but did not prove, the absence of material of 
lower molecular weight. 

The nucleosides and the dinucleoside phosphates in the hydrolysate could have arisen 
from fission at both (A) and (B) in the dithioacetal (I), or by non-specific hydrolysis during 
the treatment of the deoxyribonucleic acid with mercaptoacetic acid. Since zone 1 must 
have consisted mainly of sulphur-containing fragments it appeared that these predominated 
over the sulphur-free fragments in the total hydrolysate, so that, in most cases, fission 
did not occur at both (A) and (B). 

The main disadvantage of this method of degradation was the fission which accompanied 
the treatment with mercaptoacetic acid, This could have been specific hydrolysis similar 
to that occurring with alkali, but it was probably a non-specific hydrolysis of the main 
phosphodiester linkages. If this type of degradation could have been avoided, larger 
fragments might have been formed on alkaline hydrolysis. The results indicate, however, 
that in intact calf-thymus deoxyribonucleic acid there occur regions in which at least three 
pyrimidines are linked together. There was no indication of any simple uniform arrange- 
ment such as alternate purines and pyrimidines. 
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EXPERIMENTAL 


Degradation of Calf-thymus aldehydoApurinic Acid Di(carboxymethyl) Dithioacetal with 
Dilute Alkali.—The ditkioacetal (I) (40 mg.) was dissolved in sodium hydroxide solution (pH 
12-4; 30 ml.), aliquot parts were taken for the estimation of phosphorus, and three further 
samples (9 ml.) each dialysed against consecutive volumes (130 ml.) of sodium hydroxide 
(pH 12-4) at 37° for a total of 3 days. The dialysis was then similarly continued against 
m-sodium chloride at 16° for 3 days and finally against 2m-sodium chloride at 16° for 3 days. 
Calf-thymus deoxyribonucleic acid was treated in the same way. The phosphorus contents 
of the dialysates and ‘that of the material remaining in the diaivsis bags were determined. The 
results are recorded in Table 1. 


TABLE 1, Distribution of phosphorus in the alkaline tvdvoiysabes af calf thymus aldehydo- 
apurimec acid di(carboxymethyl) dithioacetal (1) and uf cali’ yes deoxyribomuclete acid, 


Total phosplagwrak “),) te 
Aa om 


- ~ . ' ~ 
sodium hydroxide dialysates mM» atl 2u-NaC} Resi:jue in 
dialysate dial, sis bag 


Dithioacetal (I) 29 2: 48 4 
Deoxyribonucleic acid 1 O”0 97 


Fractionation of the Alkaline Hydrolysate of the Dithiowetal (1).-An aquevus scdystion of the 
dithioacetal (I) was adjusted to pH 12-4 with n-sodium hydroxide, kept at 37° for 24 hr,, 
neutralised with dilute acetic acid, and freeze-dried. An aqueous solution of the product was 
used in fractionations, 

Paper electrophoresis at pH 3-4, 4-9, 6-5, and 10-0 did not give adequate fractionation 
Several solvent systems were investigated for paper chromatography, Development of the 
chromatograms with propan-2-ol (70), water (30), and ammonia (d 0-88; 6 parts) for 2 days on 
Whatman No. 3 paper gave five zones (detected by ultraviolet photography). When 
development was for only 16 hr., three additional zones were found, while zones 1—-5 were only 
partly resolved. The R, values of zones 6-—8 were measured, and the 2, value of each zone 
calculated (R, = distance moved by component/distance moved by cytidylic acid), These 
values are given in Table 2. Each zone, when chromatographed again in the same solvent 
gave a spot with a similar Ry value to the above. Eluates of the zones were rehydrolysed at 
pH 12-3 at 37° for 2days. No changes in the R, values were observed. Attempts were made 
to locate the phosphates of 2-deoxy-aldehydo-p-ribose di(carboxymethyl) dithioacetal, which 
would be expected from the alkaline hydrolysis of the dithioacetal (1), These would not be 
detectable by the ultraviolet photographic technique, so the following sprays were used. (1) 
A Dische spray, similar to that used by Buchanan,’ detected all the eight zones revealed by 
photography, but no additional components, (2) After being sprayed with ammoniacal 
silver nitrate (2%), the chromatograms were heated at 105° for 5-10 min. Two brown spots 
developed ; one just above zone 5 (due to sodium acetate), and one which coincided with zone 
6. (3) The sugar phosphate spray of Hanes and Isherwood ‘ detected zones 1-6, but not zones 
7 and 8. No additional zones were detected. (4) Buchanan's spray for 1: 2-glycols* gave a 
faint spot which coincided with zone 5, (5) A 03%, solution of lead tetra-acetate in benzene 
gave a spot which coincided with zone 5, 

Fractionation by Dialysis.—After the alkaline hydrolysate of the dithioacetal had been 
dialysed against running tap-water for 3 days and then repeated changes of distilled water for 
2 days, only zone 1 remained in the dialysis bag. ‘This material contained 4-2 atoms of phos- 
phorus per 2 atoms of sulphur. When zone 1 prepared by paper chromatography was dialysed 
against distilled water, some of the material diffused slowly through the dialysis bag. 

Determination of the Phosphorus : Sulphur Ratios of the Chromatographic Zones,-When zone 
eluates were analysed for sulphur,’ very high control values (50% of the sulphur content of the 
eluates) were obtained. As these were due to the presence of sulphate in the paper which 
could not be completely removed by washing before chromatography, methods for removing 


* Buchanan, Nature, 1951, 168, 1091. 

* Hanes and Isherwood, Nature, 1949, 164, 1107 
® Buchanan, Dekker, and Long, /., 1950, 3162 
* Jones and Letham, Analyst, 1956, 81, 958. 
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the interfering sulphate were developed. ‘The first consisted of precipitating the sulphate with 
4-amino-4’-chlorodipheny] 7? and determining the sulphur ; phosphorus ratio of the supernatant 
liquids. ‘This method could be applied to all zones, but there was a slight precipitation of zone 1 
with the 4-amino-4’-chlorodipleny|. The second method, which was applicable to zones 1—3, 
was to precipitate the components with silver, leaving the sulphate in solution. No decom- 
position of the components occurred during this process. 

The various zones were separated on Whatman No. 3 paper which had been previously 
washed with water, eluted with water, freeze-dried, and then analysed for phosphorus and 
sulphur by the above methods. The results are recorded in Table 2 

Determination of the Pyrimidine Composition of the Chromatographie Zones.—Pyrimidine 
analyses of the chromatographic zones and of various other fractions described later, were 
carried out as follows: the material was eluted from the paper with distilled water, the eluate 
freeze-dried, and the residue hydrolysed with ‘ AnalaR ”’ formic acid at 175° for l hr. The 
pyrimidines were then separated on Whatman No. 1 paper with propan-2-ol-hydrochloric 
acid,* eluted with 0-In-hydrochloric acid, and estimated spectrophotometrically 


ABLE 2. Properties of the chromatographic zones 


Zone 2 3 4 5 6 7 & 
hy rue ‘ . O15 O35 0-6 115 19 2-8 a1 
. se 042 «6061 = =—(0-69 


sulphur (a) * - B10 1-90 143 0-46 32 Sand P absent 
(b)*. : 2-04 1-06 
-Methyleytosine (10 moles) per mole 
of cytosine 4: 5-2 79 40 3-6 45 54 
(a, b) Control values reduced by (a) precipitation with 4-amino-4’-chlorodiphenyl, and (b) pre- 
cipitation of components with silver. 


Panie 3. Structures of the components in the alkaline nydrolysate of calf-thymus aldehydo- 
apurinic acid di(carboxymethyl) dithioacetal 


Mols. of pyrimidines 


Component % of total Atoms of P per per atom of P Proposed 
(zone) pyrimidines 2 atoms of S Cytosine Thymine structure * 
3-0 P and S absent Absent Present ' 
2- P and 5 absent Present Absent 
5S absent O95 1-04 
0-00 1-04 
” 1-06 0-00 
0-46 Heterogeneous 
1-43 ” 
1-03 0-00 0-52 T-P+6-P 
S absent Thymine/cytosine 194 T-P-T-P-C (?) 
2-08 0-47 0-00 C-P-S-P 
2-90 0-00 0-69 l-P-T-P-S-P 
3-BR 0°27 0-51 [-P-T-P-C-P-S-P 
4-09 0-32 0-33 T-P-C-P-§-P 
2-10 0-48 0-00 C-P-$-P 
Contains both bases 
5S absent Only cytosine present 
304; 3-74 Heterogeneous 
4°20 Thymine/cytosine 1-48 pi 


” 


Thymidine residue. C « Deoxycytidine residue. S = 2-Deoxy-aldehydo-p-ribose di 
(carboxymethyl) dithioacetal residue, P = Phosphate residue. { Prepared by dialysis. 


Zones 1-6 contained both thymine and cytosine, zone 7 contained only cytosine, and zone 8 
only thymine. Since zones 1—6 were heterogeneous, quantitative analyses for cytosine and 
thymine were not carried out, but the distribution of 5-methyleytosine in the various zones 
was investigated, The results are in Table 2. 

lurther Resolution of the Chromatographic Zones.—Samples of the material from the various 


Belcher, Nutten, and Stephen, /., 1953, 1334 
* Wyatt, Biochem., J., 1061, 48, 584 
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zones were prepared by elution from a large number of sheets of Whatman No, 3 paper, and 
the eluates concentrated and freeze-dried, The zones were then resolved as follows : 

Chromatography, When developed with isobutyric acid-ammonium isobutyrate (Magasanik 
et al.®), zone | streaked badly without showing resolution, zones 2, 3, 6, 7, and 8 were not 
resolved, zone 5 was separated into three components, and zone 4 into two components (all 
the papers exarnined by ultraviolet photography). 

Electrophoresis. The zones were subjected to electrophoresis on Whatman No. 3 paper 
at 900 v for 3 hr. (apparatus: see Foster ”) at pH 3-3; zone 2 separated into six components, 
and zones 3 and 6 each gave three, Zone 1 was not further fractionated under these conditions 
but gave along streak. Zones 7 and 8 were not further resolved at pH 3-3, 4-8, or 9-0. 

In order to determine the proportion of the total pyrimidine residues present in each 
component, the chromatograms and electrophoretograms were cut transversely into 0-5 cm. 
strips, and the components were eluted with phosphate buffer of pH 6-4. The optical densities 
of the eluates were read at 276 my (the wavelength at which the molecular extinctions of 
thymidylic acid and deoxycytidylic acid coincide), appropriate controls being used to allow for 
the presence of optically absorbing material in the paper. From these results the values given 
in Table 3 were calculated, 

Identification of the Components.-Zones 7 and 8. These were not resolved by any method 
tried and were free from sulphur and phosphorus. Zone 7 contained cytosine but not thymine, 
and zone 8 contained thymine but not cytosine. They gave positive reactions with the cysteine- 
sulphuric acid reagent,* showing the presence of a deoxypentose moiety, Zones 7 and 8 were 
identical chromatographically and electrophoretically with authentic deoxycytidine and 
thymidine respectively, 

Zone 6. Although zone 6 contained sulphur, components 6A, B, and C, isolated by electro- 
phoresis, did not. These components were not attacked by prostate phosphomonoesterase 
under conditions which rapidly dephosphorylated nucleotides. Therefore, they did not have 
a terminal phosphate group. These and the analytical results (Table 3) showed that 6A was 
thymidine-deoxycytidine phosphate, 6B was dithymidine phosphate, and 6C was di(deoxy- 
cytidine) phosphate. These conclusions were supported by the electrophoretic behaviour 
of the components. At pH 3-3, component 6B moved to the anode more slowly than thymidylic 
acid; 6A had about the same mobility as deoxycytidylic acid; and 6C moved to the cathode, 
but more slowly than deoxycytidine. 

Zones 2 and 3. After the components had been subjected to paper electrophoresis a second 
time in order to free them from small amounts of the adiacent components, they were analysed 
for phosphorus, sulphur, and pyrimidines, From the results (Table 3) it was possible to assign 
the structures suggested in Table 3, The agreement between the experimental and theoretical 
values was sufficient to show that the components were homogeneous with respect to pyrimidine, 
phosphorus, and sulphur content. Components 3A, 3C, 2A, and 2D were considered to be as 
indicated, but components 2B and 2C could have had other sequences. The presence of the 
sequence, thymidine~phosphate-thymidine in component 2B was demonstrated as follows : 
Component 2B was dissolved in water, Zeocarb 226 (H form; 4 vol.) added, and the suspension 
heated on a boiling-water bath for 3 hr. The resin was filtered off and the solution treated with 
phosphomonoesterase at pH 5-2 and 37°. Separation of the product by paper chromatography 
showed the presence of dithymidine phosphate and thymidine 
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507. The Nucleotide Sequence in Deoxypentosenucleic Acids. Part 
111.* The Nature of the End Growps Produced by the Alkaline 
Hydrolysis of Calf-thymus aldehydoApurinic Acid Di(carboxymethyl) 
Dithioacetal, 

By A. S. Jones, D. S. Lernam, and M. Stacey. 


The sulphur-containing components produced by the alkaline hydrolysis 
of calf-thymus aldehydoapurinic acid di(carboxymethyl!) dithioacetal appear 
to exist in two forms, viz., (11) in which treatment with phosphomonoesterase 
would produce a 4’: 5’-dihydroxy-compound, and (III) in which the enzyme 
would produce a 3’; 4’-dihydroxy-compound, It is tentatively suggested that 
these components carry a terminal 4’-phosphate group. 


DeGRrapation of calf-thymus aldehydoapurinic acid di(carboxymethy]) dithioacetal (1 of 
preceding paper) with dilute alkali gave pyrimidine oligonucleotides, some of which 
were linked to a sulphur-containing end group.* For these sulphur-containing components, 
two structures (IT) and (III) were possible, of which only the former would give formalde 
hyde when oxidise with periodate after treatment with phosphomonoesterase. 

HO-H,C 0 


HO-H,C _O*POsH, ¢ 


CH(S:* CHa: COpH), 


H,C O-PO5H, 


CH(S+CH2-CO>H), 


HO 
X = pyrimidine 


(il) (INN) 


Certain of the components isolated from the alkaline hydrolysate of the dithioacetal 
(1) were treated with phosphomonoesterase and then with sodium periodate under condi- 
tions which effected the maximum liberation of formaldehyde from the total alkaline 
hydrolysate, About 25% of the formaldehyde expected from (Il) was obtained. The 
enzyme used in these experiments was free from deoxyribonuclease but contained appreci 
able ribonuclease. It was unlikely that the latter enzyme would have degraded the com- 
ponents, but even if this were the case, no compounds would be produced which would give 


* Part II, preceding paper 
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rise to formaldehyde on treatment with periodate. These results indicated that the 
components were mixtures of the compounds (II) and (III), with the latter predominating. 

Support for this view has been obtained by studying the products obtained by the action 
of snake-venom diesterase. Components 3A and 3C (II and ITI, where » = 0, and the 
pyrimidine was thymine and cytosine respectively) were treated with the enzyme. Since 
snake-venom diesterase hydrolyses 3’-phosphate linkages in deoxyribonucleic acids and 
ribonucleic acids to give 5’-phosphates,! thymidylic acid and deoxycytidylic acid would be 
produced from 3A and 3C respectively if (IT) were present, and thymidine and deoxycyti- 
dine respectively from (III). The fact that both the nucleotide and the nucleoside were 
produced from both 3A and 3C, with the nucleoside predominating, indicated a mixture 
of (II) and (III) in these components. Similarly component 2A (II and III; # = 1, pyri- 
midine = thymine) gave thymidylic acid and thymidine, and component 2C (II and III; 
n = 1, pyrimidine = 1 mol. of cytosine and 1 mol. of thymine) gave thymidine, thymidylic 
acid, deexycytidine, and deoxycytidylic acid. These results indicated the presence of 
(IIT) but did not exclude the presence of (II). Component 2B (II and III; » = 2, pyrimi- 
dine = 2 mols. of thymine and 1 mol. of cytosine) gave thymidine, thymidylic acid, and 
deoxycytidylic acid, which indicated the presence of structures of type (III) but excluded 
the presence of a sequence with deoxycytidine, as the end group. The presence of the 
sequence, thymidine-phosphate-thymidine in this component has already been demon- 
strated.* 

It appeared therefore that the components were heterogeneous with respect to the end 
group. Compounds of structure (II) and (III) were so similar as to make their separation 
improbable by the methods used in this work. 

The exact location of the terminal phosphate group has not been proved. The produc- 
tion of nucleosides by the action of snake-venom diesterase showed that it must have been 
on the 2-deoxy-aldehydo-p-ribose di(carboxymethiy!) dithioacetal group. There remained 
the possibility of its being at position 3’, 4’, or 5’. Since the components were stable to 
alkali it appeared that cyclic phosphate formation was not possible under alkaline condi- 
tions : this condition is fulfilled if the phosphate group is at position 4’, to which it has been 
tentatively assigned. 


EXPERIMENTAL 

Phosphomonoesterase.—This enzyme was prepared from human prostate glands (21 g.) by 
the method of Markham and Smith. A sample (0-1 ml.) of the enzyme solution (acetate buffer, 
ionic strength, 0-1; pH 5-2; total volume, 26 ml.) completely dephosphorylated thymidylic 
acid (1-5 mg.) and deoxycytidylic acid (1-5 mg.) in | hr. at 37° and pH 5-2, The enzyme pre- 
paration did not hydrolyse diphenyl hydrogen phosphate or deoxyribonucleic acid at pH 5-2 
but did hydrolyse ribonucleic acid at this pH. 

Snake-venom Diesterase.—This enzyme was prepared from Russell viper venom (kindly 
supplied by the Wellcome Research Laboratories) by the method of Hurst and Butler* The 
enzyme hydrolysed diphenyl hydrogen phosphate and was free from 5’-nucleotidase, 

Treatment of the Alkaline Hydrolysate of the Dithioacetal (1) with Phosphomonoesterase and 
Subsequent Oxidation with Periodate.—A solution of the freeze-dried alkaline hydrolysate of the 
dithioacetal (1) (27 mg.) in acetate buffer (ionic strength, 0-1, pH 5-2; 5 ml.) was treated with 
phosphomonoesterase solution (0-5 ml.) at 37° for 2 hr. Sodium metaperiodate reagent * 
(0-Ol5mM; pH 7-5; 55 ml.) was then added and the oxidation allowed to proceed at room 
temperature. Samples (1-5 ml.) were removed at intervals, oxidation was arrested by the addi- 
tion of lead dithionate (0-15 g.), the solutions were centrifuged, and formaldehyde was deter 
mined in the supernatant liquids by the use of the chromatropic acid reagent as described by 
O'Dea and Gibbons. Control determinations carried out on the phosphomonoesterase gave 
only small amounts of formaldehyde. A similar experiment was then performed, but the oxida- 
tion with periodate was carried out at pH 1-6. The results of the two reactions are shown in 


' G. Schmidt, ‘ Nucleic Acids,”” Academic Press Inc., New York, 1955, Vol. I., p. 586 
* Jones, Letham, and Stacey, preceding pe eT 

5 Markham and Smith, Biochem. /., 1952, ko 558, 565 

* Hurst and Butler, J, Biol, Chem., 1951, 198, 91 

® O'Dea and Gibbons, Biochem. J., 1963, 66, 580 
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the Figure. Since the reaction at pH 1-6 was the more rapid and there was less chance of 
diesterase action, these conditions were used for the investigation of the reaction on individual 
components of the hydrolysate. 

Kluates from blank paper (Whatman No. 3) gave appreciable amounts of formaldehyde when 


oxidised with periodate, Hence electrophoretic zones bearing individual components were 


. 


Libevation of formaldehyde by the action of 
periodate on phosphomonoesterase-treated, 
alhaline hydrolysate of calf-thymus alde- 
hydoapurinic acid di(carboxymethyl) di 
thioacetal 


0 produced (x9. ) 


CH, 


Hours 


eluted with acetate buffer (ionic strength, 0-1; pH 5-2); each eluate was halved; one half was 
oxidised with periodate, and the other was treated with phosphomonoesterase and then oxidised. 
The differences between the two values gave the amount of formaldehyde produced from the 


component in question, These results are shown in the Table, 


Properties of components of the alkaline hydrolysate of the dithioacetal (1). 
Moles of re per 


atom of P 
Proposed Theoretical for Products in snake-venom diesterase 
structure * structure IIf Found digests 
P-S-P 0-60 O13 Thymidine, thymidylic acid 
C-P-S—P 0-50 0-16 Deoxycytidine, tommy lic acid 
r-P-T-P-S-—P 0-33 0-09 Thymidine, thymidylic acic 
P-T-P-C-P-S-P f 0-25 0-08 Thymidine, thymidylic acid, deoxy- 
cytidylic acid 
Thymidine, thymidylic acid, deoxy- 
cytidine, deoxycytidylic acid 
S = 2-deoxy-aldehydo-p-ribose di(carb- 


Component 


P-C-P-S-P ¢ 0-33 0-07 


* 7 thymidine residue; © - deoxycytidine residue ; 
oxymeth yl)dithioacetal residue; P phosphate residue. 

+ These represent only one of the possible structures, 

t Produced by treatment with phosphomonoesterase followed by periodate oxidation, 

Treatment of the Components of the Alkaline Hydrolysis of the Dithioacetal (1) with Snake- 
venom Diesterase.-Each of the components shown in the Table was hydrolysed with the di- 
esterase at pH 9-0 and 37°, Controls with thymidylic acid were not dephosphorylated by this 
The digests were chromatographed with propan-2-ol-water-ammonia (d 0-88) 


treatment 
The results are summarised in the 


(70: 30: 6), and the products identified in the usual way. 
Table 
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508. 2-Methylbut-2-ene Nitrosochloride and its Derivatives. 


By N. THorne. 


The chemical properties of 2-methylbut-2-ene nitrosochloride have been 
studied. It has been shown that 3-hydroxy-3-methylbutan-2-one can 
react in the cyelic form since it forms a cyclic methyl ether. The action 
of sodium ethoxide on 2-methylbut-2-ene nitrosochloride has been investi- 
gated. Hydrolysis of 3-methylbut-3-en-2-one oxime has been shown to 
yield 3-hydroxy-3-methylbutan-2-one, involving a molecular rearrangement, 


2-METHYLBUT-2-ENE NITROSOCHLORIDE was prepared by Tilden and Sudborough,' 
Wallach,* and Tornes,* but its chemical properties were not examined till it was prepared 
by Schmidt.4 Although Schmidt states that the nitrosochloride (1) isomerises to 3-chloro- 
3-methylbutan-2-one oxime (II) above its melting point, it is now found that this method 
usually results in an explosive decomposition, and that this change is better effected by 
heating an ethanolic solution. The white solid dimeric nitrosochloride dissolves in the 
alcohol to give a blue solution (indicating monomerisation) which when heated becomes 
yellow as isomerisation occurs. 

Cl-CMe,-;CHMe‘NO ——t Cl-CMe,’CMe:N-OH ——® HO-CMe,"COMe ——-> Mec “ye Me-OMe 

(I) (I) (111) ‘Oo’ (IV) 

The chloro-oxime (II) can be hydrolysed to 3-hydroxy-3-methylbutan-2-one (IIT) by 
hot concentrated hydrochloric acid,* but only in very low yields, and it is now found that 
yields of over 40°%, can be obtained if the oxime is simply heated with water. The keto- 
alcohol structure is proved by formation of a 2: 4-dinitropheny!hydrazone and a p-nitro- 
benzoyl derivative. The structure has been further confirmed by conversion by methyl- 
magnesium iodide into pinacol. 

According to Bassett and Bell,5 many keto-alcohols associate on storage, as shown by 
an increase in the molecular weight, but 3-hydroxy-3-methylbutan-2-one is now found 
by molecular-weight determinations to remain monomeric for eight weeks. 


Hydroxyacetone exists to an appreciable extent in the monomeric cyclic form and 


yields a dimeric cyclic methyl ether. An analogous cyclic ether (LV) was obtained from 
3-hydroxy-3-methylbutan-2-one by reaction with methanol and dry hydrogen chloride at 
room temperature ; it was isolated as a crystalline solid, readily hydrolysed by cold dilute 
hydrochloric acid. The method of preparation and the easy hydrolysis indicate the 
glucosidic (lactol) ring structure. 

Treating 2-methylbut-2-ene nitrosochloride with sodium ethoxide gives a steam- 
volatile (m. p. 68°) and an involatile substance (m. p. 110°); both, together with a third 
compound (m. p. 45°), were stated by Wallach’? to be formed from 2-methylbut-2-ene 
nitrosate (V) by sodium ethoxide. Wallach described the three substances as isomeric 
forms of the oxime (VI), but showed that they exist in solution as monomer, dimer, and 
trimer, respectively (in order of m. p.s), Repetition of Wallach’s work has failed to 
produce the oxime of m. p. 45°. 

NO,O-CMe,-CHMe-NO —— CH,!CMe-CMe:N-OH ——t CH,;CMeCOMe 
(V) (VI (Vit) 

Wallach hydrolysed the oxime of m. p. 45° to 3-methylbut-3-en-2-one (VII), which was 
the expected result. Apparently Wallach made no attempt to hydrolyse the oxime of 
m. p. 68°; it is now found that this is hydrolysed by dilute acid to 3-hydroxy-3-methyl- 
butan-2-one. Hydration of a double bond «@ to a carbonyl gsoup is not unusual, but the 
normal result is for the hydroxyl group to become attached to the @-carbon atom, as in 

1 Tilden and Sudborough, /., 1893, 63, 479 

Wallach, Annalen, 1888, 245, 246 

lornes, Ber., 1879, 12, 169 

Schmidt, Ber., 1962, 35, 3729 

Bell, M.Sc. Thesis, Wales, 1938, 31 

Kling, Ann. Chim. Phys., 1905, §, 510. 
' Wallach, Annalen, 1801, 262, 3390 
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Wurtz’'s preparation of aldol * from crotonaldehyde by dilute hydrochloric acid at room 
temperature. The abnormal attachment of the hydroxyl group to the a-carbon atom in the 
present instance may be explained by a simple molecular rearrangement of the annexed 
type. In this it is assumed that the first step is the hydrolysis of the unsaturated oxime 


He 
CH, CMe-COMe —— CH,;CMe-CMe:OH’ —— CH, :-CMeC*Me‘OH ——e> 
on 
CH,:C*-CMe,"OH ——t CH,:C(OH)-CMe,-OH —— Me’CO-CMe,"OH 


(V1) to the corresponding ketone (VII); this was confirmed by hydrolysing a synthetic 
specimen of the ketone (VII), 3-hydroxy-3-methylbutan-2-one being obtained, as from the 
oxime. The ketone was synthesised by converting 2; 2-dibromopropane by alcoholic 
potassium hydroxide into 2-bromopropene which with magnesium in the presence of methy! 
cyanide yields 3-methylbut-3-en-2-one. 


IX PERIMENTAL 


2-Methylbut-2-ene Nitrosochloride.—-Yuming hydrochloric acid (50 c.c.) was added slowly to 
2-methylbut-2-ene (30 g.) and pentyl nitrite (50 c.c.) at <0°, with stirring during 14 hr. The 
liquid became blue immediately, and slowly changed to a paste. The mixture was cooled for 
a further 30 min., and the nitrosochloride was filtered off, washed with ice-cold ethanol, and 
thus obtained white (29 g.), m. p. 76°. 

3-Chlovo-3-methylbutan-2-one Oxime.-—A solution of the nitrosochloride (6 g.) in ethanol 
(50 c.c,) was heated to its b. p.; the solution boiled for a few minutes without further heating, 
and its blue colour gradually changed to yellow. The alcohol was removed, and the ketoxime 
was obtained as colourless crystals (4:5 g.), m. p. 50°. 

3-Hydroxy-3-methylbutan-2-one.—2-Methylbut-2-ene nitrosochloride (19 g.) and water 
(400 c.c.) were heated under reflux for 1} hr. The mixture was steam-distilled till 200 c.c. of 
distillate had been collected. The distillate was saturated with potassium carbonate and 
extracted several times with ether. After drying (K,CO,), the ethereal solution was distilled, 
giving the colourless ketol (6-4 g.), b. p. 138—-140° (Found: M (cryoscopic in benzene and 
bromoform), 102-3, 103-0, Calc, for C,H,,O,: M, 102). With 2: 4-dinitrophenylhydrazine 
in warm sulphuric acid and alcohol this gave the 2: 4-dinitrophenylhydrazone, orange-red 
crystals (from benzene), m. p. 192° (Found: C, 47-2; H, 5-0; N, 19-6. C,,H,,O,N, requires 
C, 468; H, 60; N, 199%). 

p-Nitrobenzoyl chloride, by the Schotten-Baumann procedure, gave the p-nitrobenzoyl 
derivative, m. p. 194° (from ethyl acetate) (Found: C, 56-9; H, 52; N, 69. CyH,,O,N 
requires C, 57-4; H, 5-2; N, 56%). 

To a filtered, cold solution from magnesium (5-2 g.), ether (150 c.c.), and methyl iodide 
29-5 y.), 3-hydroxy-3-methylbutan-2-one (6-5 g.) in ether (20 c.c.) was added. The mixture 
was then heated under reflux for 30 min,, cooled, and decomposed with dilute sulphuric 
acid, Removal of the ether gave pinacol hydrate (5-5 g.), m. p. 48°. 

2-Methoxy-2 ; 3 ::3-trimethyloxiran (1V),---3-Hydroxy-3-methylbutan-2-one (7 g.) was kept 
for 4 hr. in dry methanol (25 c.c.) containing a little hydrogen chloride, then neutralised 
with silver carbonate, and filtered, Distillation gave the ether (2 g.), b. p. 85°/100 mm., which 
solidified overnight, then having m. p. 23° [Found: C, 62:1; H, 10-2%; M (eryoscopic in 
benzene), 116-8. CglH,,O, requires C, 62-05; H, 10-35%; M, 116}, 

3-Methylbut-3-en-2-one Oxime,--2-Methylbut-2-ene nitrosochloride (33 g.) in ethanol (90 c.c.) 
was added in small portions to sodium (5-7 g.) dissolved in absolute ethanol (100 c.c.). The 
mixture was refluxed for 2 hr., then poured into water, and the whole was steam-distilled 
till no more oil passed over. Distillation gave the ketoxime (18 g.), b. p. 102-—~104°/15 mm., 
m. p. 68° (Found: C, 60-2; H, #2; N, 144%; M (ecryoscopic in benzene and bromoform), 
231-6, 200-7. Cale. for (C,H,ON),: C, 60-6; H, 91; N, 14-15%; M, 198). 

A small amount of oil, remaining in the flask after the steam-distillation, crystallised (0-2 g. ; 
m, p. 110°) from alcohol (Wallach’s y-oxime, m, p. 111°). 

Under the same conditions, the nitrosate (30 g.) yielded the ketoxime (10-5 g.) and a small 
residue, m, p. 110° 

Che oxime (18 4.) was heated under reflux with dilute sulphuric acid (150 c.c.) for Lhr. The 
resulting solution was steam-distilled till 200 c.c. of distillate had been collected. The distillate 


* Wurtz, Hull, Soc. chim. France, 1884, 42, 286 
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was saturated with potassium carbonate and extracted several times with ether. The ethereal 
solution was dried (K,CO,) and distilled, 3-hydroxy-3-methylbutan-2-one (5 g.), b, p. 138-140", 
being obtained. It was identified as its 2; 4-dinitrophenylhydrazone and p-nitrobenzoate. 

3-Methylbut-3-en-2-one.—-A solution of 2-bromopropene (15 g.) in ether (20 c.c,) was added 
dropwise to a mixture of magnesium (3-3 g.), ether (50 c.c.), and methyl cyanide (6-5¢.). The 
resulting solution was heated for 30 min. and then decomposed with dilute sulphuric acid, The 
ethereal layer was dried (K,CO,) and distilled, giving 3-methylbut-3-en-2-one (1-5 g.), b. p. 
98—100°/762 mm., 36-——38°/70 mm,; ?' 1-4168. Hrant® gives b. p. 98-6°/735 mm., 
37--38°/75 mm., ni? 1-4163. 

Hydrolysis of 3-Methylbut-3-en-2-one.—The ketone (1-5 g.) was heated under reflux with 
dilute sulphuric acid (30 c.c.) for 3 hr. The resulting solution was saturated with potassium 
carbonate and extracted several times with ether. The etherea! solution was dried (K,CO,) 
and distilled, giving 3-hydroxy-3-methylbutan-2-one (1 g.), b. p. 138—140°, identified as 
2: 4-dinitrophenylhydrazone and p-nitrobenzoate. 


Tue Tatem Laporatorigs, UNIVERSITY COLLEGE, 
CaATHAYS ParRK, CARDIFF, (Received, January 9th, 1956.) 
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509. T'he Reaction of Dialkyl Sulphites with Sodium Iodide 
in Acetone. 


By A. B. Foster, E. B. Hancock, W. G. Overenn, and J. C. Ropp, 


Known methods have been used to synthesise a series of dialkyl sulphites 
including several alkyl methyl sulphites and the carbohydrate derivatives 
1 : 2-5 : 6-di-O-isopropylidene-p-glucofuranose 3-(methyl sulphite) and 1; 2- 
3: 4-di-O-isopropylidene-p-galactopyranose 6-(methyl sulphite), Unlike the 
dialkyl sulphates, which with sodium iodide in acetone give alkyl halide and 
sodium alkyl sulphate, sulphite esters give acetone sodium bisulphite, On 
reaction of dimethyl] sulphite with sodium iodide in acetone rapid release of 
methyl iodide was followed by slower formation of acetone sodium bisulphite 
and methanol. 


THE reaction of dialkyl sulphates with sodium iodide in acetone follows a simple course 
and yields an alkyl halide and an alkyl sodium sulphate. Thus within ten seconds dimethyl 
sulphate and sodium iodide in acetone at room temperature give 93°, of sodium methyl 
sulphate. Under identical conditions diethy! sulphate and ditsopropyl sulphate? react 
less rapidly, to give sodium ethyl sulphate (83°) and sodium isopropyl sulphate (42%). 
Although no experimental details were given, methy! sulphate esters of some steroidal 
alcohols were reported ? to yield the sodium salts of the corresponding steroid sulphates on 
reaction with sodium iodide in acetone. 

An analogous reaction sequence with sulphite esters was expected to make accessible 
sodium alkyl sulphites (our especial interest was carbohydrate sulphites). To test this 
possibility a series of dialkyl sulphites and alkyl methy! sulphites have been prepared and 
their reactions with sodium iodide in acetone studied. 

The dialkyl sulphites SO(OR), listed in Table 2 were synthesised by the action of an 
excess of the appropriate alcohol with thionyl! chloride by one of two methods.** The 
alkyl methyl sulphites (MeO-SO-OR) (Table 1) were obtained by the reaction of methyl 
chlorosulphinate with the appropriate alcohol in the presence of pyridine,® along with a 
small amount of the dialkyl sulphite. Amongst the new compounds prepared were 
1 ; 2-5 : 6-di-O-1sopropylidene-p-glucofuranose 3-(methy! sulphite) and 1: 2-3 : 4-di-O-dso- 
propylidene-p-galactopyranose 6-(methy] sulphite). These appear to be the first examples 

1 Cf. Garner and Lucas, J]. Amer. Chem. Soc,, 1950, 72, 5497. 

* McKenna and Norymberski, Chem. and Ind., 1954, 961, 
> Price and Berti, ]. Amer. Chem. Soc,, 1954, 76, 1207 
o 


Voss and Blanke, Annalen, 1931, 485, 258. 
Berti, J]. Amer. Chem. Soc., 1954, 76, 1213. 
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of this class of compound in the carbohydrate field. Honeyman and Morgan * have de- 
scribed the related compound methyl 4 : 6-O-benzylidene-z-p-glucopyranoside 2 : 3-sulphite. 
All these sulphite esters decompose on short storage with the evolution of sulphur dioxide. 


TaBLe 1. Alkyl methyl sulphites. 
Yield B. p. ” Found (%) Required (%) 
No Sulphite (%) (°/mm.) falp* (temp.) Formula C , ae Cc H 8 
VI Me Pr 48 48-—52°/ 1-4122 C,H,,0,5 34:7 7:15 23-3 348 7:25 23-2 
17 (20°) 
VII Me cyclopentyl * 44 97--100/ 14600 CHyO,S 444 75 188439 73 19-5 
15 (20°) 
VIII evcloHexyl Me 63 = 105-—-110/ 1-4630 C,H,,0,8 474 8&1 181472 7 
17 (16°) 
IX (-—)-Menthyl Me*4 64 ~88 / 454° 14630 C,,H,,0,5 669 107 — 670 106 
20°) 
2-5: 6-Di-O 65 122—12 586 14621 C.H,,0,8462 66 95 4615 65 
isopropylidene- . (20°) 
p-glucofuranose 
3-(methyl sulphite) 
2-3; 4-Di-O- 458 a: K 58: 14653 CyH,,0O,5 469 645 — 4615 65 
isopropylidene- Of (20°) 
D-galactose-6- 
(methyl sulphite) 


* In CHCl, * Also obtained dicyclopentyl sulphite, b. p. 147°/18 mm., 4% 14503 (Found: C, 
54-7; H, 7-5; S$, 142. C,,H,,0,5 oo otgye C, 65-0; H, 83; S, 147%). * Also obtained di-(—)- 
menthyl sulphite, b. p, 150——155°/0-2 mm. m. p. 53°, [aly —52-8° (c, 1-44 in CHCI,) (Found : C, 66-9; 

10:7, Cy H,0,8 requires C 67: 0: H, 10 6%). 4 Berti * reports b. p. 105-~108° (bath) /1-0 mm., 
= 15640, Compounds VI, Vil, VIL, X, and Ki are new compounds. 


Dimethy! sulphite was found to react very slowly with sodium iodide in dry acetone at 
room temperature but after two hours’ boiling an appreciable amount of acetone sodium 
bisulphite had separated. 

That this unexpected reaction of dimethyl sulphite was not specific for this substance 
was shown by the reaction of the methyl sulphite esters, detailed in Table 2, with sodium 


TAsLe 2. Yields of acetone bisulphite following the action of sodium iodide in acetone on 
dialkyl sulphites under standard conditions. 
Sulphite Yield (%) Sulphite Yield (% 

Me cyclopenty! (VII) 62 

(—)-Menthyl Me (IX) 60 

1 : 2-5 : 6-Di-O-tsopropylidene-p-gluco- 
furanose 3-(methyl sulphite) (X) 58 
1: 2-3 : 4-Di-O-isopropylidene-p-galactose 
6-(methyl sulphite) (XT) 62 


iodide in acetone, which in each case gave acetone sodium bisulphite, in yields of 55—-75°%,. 
In compounds of the general formula MeO-SO-OR the yield of acetone sodium bisulphite 
is not greatly influenced by the nature of the residue R: thus (Table 2), when the hydroxy! 
group in the residue R was primary (I and XI), or secondary in an acyclic system (VI) or 
attached to a 56-membered ring (VII and X) or a 6-membered ring (VIII and IX), the yields 
of acetone sodium bisulphite did not differ greatly or vary according to an obvious pattern. 
The yields from diethyl sulphite and diisopropyl sulphite were much lower (12% and 0-73°,, 
respectively) than from dimethyl sulphite. These yields emphasise the resistance of the 
ethyl and the ‘sopropyl group in the appropriate esters to attack by iodide ions and in this 
respect the benzyl group must facilitate attack by iodide ions. 

Carbohydrate sulphites were not isolated after reaction of sodium iodide in acetone 
with methyl sulphites, 

Under the standard conditions adopted for the reaction of sodium iodide (1 mol.), 
dimethy! sulphite (1 mol.), and acetone, a 75°, yield of acetone sodium bisulphite was 
obtained after 2 hours. Prolongation of the reaction time gave further amounts of the 
same product. Likewise the first traces ef material to separate were identified as acetone 


* Honeyman and Morgan, /., 1955, 3660 
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sodium bisulphite and there can be little doubt that this is the only product to separate 
from solution during the reaction. . 

Examination by mass spectrometry of the reaction solution after 2 hours showed the 
presence of methyl iodide and methanol, and in a parallel experiment with methyl tso- 
propyl sulphite methyl iodide and a propanol were found in solution. In the latter case 
no methanol or propyl iodide could be detected. thus indicating that attack by the iodide 
ion occurred exclusively at the methyl group. Consequently, it seemed reasonable to 
suppose that the first stage in the reaction involved attack by iodide ions on the methyl 
groups of dimethyl sulphite to give methyl sulphite ions and methyl iodide, analogous to 
the reaction of dimethyl sulphate under the same conditions. Thereafter it is possible 
that further reactions occur as shown in Stage II. 


Probable reaction pattern of dimethyl sulphite, sodium iodide, and acetone, The entities in parentheses 
have not bren detected in the reaction mixture 


I-->Me%0S0-OMe —m Mel + (MeO:S0-0-) Stage | 


Acetone condensation: 


(MeO’SO-O~) + (H,O)* —— MeOH +- payne ed Geen tt 

(HO-SO-O~) + Na* + COMe, —» HO-CMe,'SO,~Nat . 

* Traces of water were detectable in the reaction mixture, but the precise origin is unknown; water 

may, ¢.g., come from decomposition of the acetone bisulphite compound, in addition to the origin 
shown above. 


The appearance of methyl iodide and methanol was followed by mass spectrometry 
(Table 3): formation of methyl iodide was relatively rapid, being complete within 20 
minutes; that of methanol was slower, being ca. 65°/, complete after 2 hours. The early 


TABLE 3. Release of methanol and methyl iodide in the reaction of sodium iodide and dimethyl 
sulphite in acetone. 


Time MeOH Time M 
(min. ) el (mol, %) Acetone (min.) Mel (mol, %) Acetone 


5 4-7) 1-3 (1-3) 95-2 (94-0) 70 77 sD | 89-2 
Max, theor,. 6-8 6-8 86-4 


10 1-5 (21 92-9 tSo-3} 120 78 42 88-0 


20 ‘5 (7 21 (3-1) 90-4 (89-3 
40) 75 2-7 89-8 

Traces of sulphur dioxide and water were present in each case. The figures in parentheses were 
obtained in duplicate experiments, Error <+0°3. 


observation that the use of excess of sodium iodide with dimethyl sulphite did not signifi- 
cantly increase the yield of acetone sodium bisulphite after 2 hours 1s not now surprising 
since only Stage I of the reaction, which is not the rate-determining step, would be affected, 

The kinetic study was made on a very small scale so that experimental error may have 
contributed to the difference in the amount of methanol released (ca, 65°) and the acetone 
sodium bisulphite precipitated (75%) after 2 hours and to the difference between observed 
and theoretical values. 

From the evidence available it is not possible to decide which, after Stage I, is the rate- 
determining step in the formation of the acetone sodium bisulphite, The only reasonable 
source of water is from the condensation of acetone and it was observed that as the reaction 
proceeded non-volatile ether-soluble material accumulated in the reaction solution, from 
which mesityl oxide was isolated as its 2 ; 4-dinitrophenylhydrazone, 

In Stage II it is apparently the S-O linkage which is broken since (—)-menthol was 
recovered after reaction of (—)-menthyl methy] sulphite with sodium iodide in acetone. 
Cleavage of the C—O linkage would be expected to lead to inversion or racemisation at the 
asymmetric hydroxylic carbon atom in the (—)-menthol. 


EXPERIMENTAL 
Starting Materials,—The alkyl methyl! sulphites in Table 1 were obtained by the procedure 
given by Berti. Other dialkyl sulphites were prepared according to the methods described by 
Voss and Blanke * and Price and Berti.* 


2592 Reaction of Dialkyl Sulphites with Sodiwm Iodide in Acetone. 


Action of Sodium Iodide in Acetone on Dialhyl Sulphates.—-To a solution of the dialkyl sul- 
phate (0-01 mole) in acetone (10 ml.) was added a solution of sodium iodide (0-01 mole) in acetone 
(10 ml). The solution in each case became yellow and after a few seconds at room temperature 
the sodium alkyl sulphate crystallised, It was collected, washed with acetone, and dried in 
vacuo over phosphoric oxide, The sodium alkyl sulphates were deliquescent. The yields of 
alkyl sodium sulphate were: methyl 93%, ethyl 83%, isopropyl 42%. 

Action of Sodium Iodide in Solvents other than Acetone on Dialkyl Sulphates..-A solution of 
sodium iodide (0-6 g.) in the appropriate solvent (5 ml.) was added to one of dimethyl sulphate 
(0-42 g.) in the same solvent (5 ml.), The precipitated sodium methyl sulphate was collected, 
washed with a little of the reaction solvent, and dried as above. The yields of sodium methyl 
sulphate were; from ethyi methyl ketone 0-45 g. (100%), acetylacetone 0-4 g. (89%), acetonyl- 
acetone 0:4 g. (89%). Dimethylformamide was unsatisfactory as solvent since sodium methyl 
sulphate was appreciably soluble in it. 

Action of Sodium Iodide in Acetone on Methyl Alkyl and Other Dialkyl Sulphites.—-A solution 
of sodium iodide (0-01 mole) in acetone (10 ml.; dried over K,CO,) was added to one of 
dialky! sulphite (0-01 mole) in acetone (10 ml.). The solution rapidly became yellow but 
at room temperature solid separated only slowly. The yields recorded in Table 3 were 
obtained after the solutions had been boiled under reflux for 3 hr, and the resultant precipitates 
collected, washed with acetone, and dried in vacuo (P,O,). X-Ray powder photographs of the 
precipitates showed them to be identical with each other and with authentic acetone sodium 
bisulphite. The precipitates were heated at 100°/17 mm. until of constant weight (loss, ca. 
60%; theor, for sodium acetone bisulphite 62%). X-Ray powder photographs of the residues 
showed that they were identical with each other and with authentic sodium sulphite. The 
volatile material from the preceding decompositions was collected in a liquid-air-cooled trap 
and examined by mass spectrometry (Metropolitan Vickers MS 2 mass spectrometer) which 
revealed the presence of water, acetone, and sulphur dioxide. 

Release of Methanol and Methyl Iodide in the Reaction of Dimethyl Sulphite with Sodium 
lodide in Acetone.--Sodium iodide was allowed to react with dimethy! sulphite under the condi- 
tions described above. The dimethyl sulphite was added to a boiling solution of the sodium 
iodide in acetone, Aliquots were withdrawn at suitable time intervals, cooled immediately in 
liquid air, and examined by mass spectrometry for methanol and methyl! iodide. The results 
are summarised in Table 3. 

Reactions of Sodium Iodide in Dimethylformamide and Other Solvents with Methyl Alkyl 
Sulphites.__A solution of sodium iodide (0-01 mol.) in dimethylformamide (10 m1.) was added to 
one of sulphite (0-01 mole) in dimethyl formamide (10 ml.) and the mixture boiled under 
reflux for 3 hr. Thereafter it was diluted with ether and filtered, and sodium iodide was 
removed by washing the collected precipitate with acetone. The products (yield 0-42—0-58 g.) 
obtained from the sulphites, I, VI, VILI, IX, X, and XI gave identical X-ray powder photo- 
graphs. There waa negligible loss of weight on heating. Analyses were obtained as follows : 
C, 121--140; H, 29-—3-8; S, 17-6--24:3%. The C and H range included 8 analyses, S 
included 3. In the reaction with (—)-menthyl methyl sulphite (—)-menthol was recovered in 
50% yield from the mother-liquors. 

When the reaction was carried out in methyl cyanide, ethyl methyl ketone, acetylacetone, 
or acetonylacetone, unidentified products were obtained different from that obtained in dimethy] 
formamide 

Stability of Alkyl Sulphites and Alkyl Sulphates,-On storage under normal conditions all 
the derivatives listed in Tables 1 and 2, and also the dialkyl sulphates, underwent some de 
composition with the development of acidic products and evolution of sulphur dioxide. It was 
essential to wash an ethereal solution of the sulphite or sulphate with aqueous sodium hydrogen 
carbonate and fractionally distil the product before experiments were carried out, 


The authors thank Professor M. Stacey, F.R.S., for his interest, Miss Anne Edwards for 
assistance with the mass-spectral analyses, Dr, R. W. Small for advice on the X-ray photographs, 
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510. Carcinogenic Nitrogen Compounds. Part XX.* Benzacridines, 
Benzocarbazoles, and Benzophenarsazines with Hydrogenated Rings. 


By Nc. Px. Buu-Hoi, Pierre Jacguicnon, and Denise Lavir. 


A number of 1: 2-, 2: 3-, and 3: 4-benzacridines, 2: 3- and 3: 4-benzo- 
carbazoles, and 1: 2- and 8: 4-benzophenersazines, bearing one or two 
hydrogenated rings, together with similar indane derivatives, have been 
synthesised for studies in chemical carcinogenesis. cis-2-Decalone is shown to 
undergo Pfitzinger reactions with isatins to give mixtures of the corresponding 
linear and angular benzacridine derivatives, and cis-2-decalone phenyl- 
hydrazone to undergo Fischer indolisation to give a mixture of the linear and 
the angular benzocarbazole. 


HYDROGENATION products of carcinogenic hydrocarbons and analogous nitrogen com- 
pounds are important tools for research in chemical] carcinogenesis, not only for the 
experimental control of the x-electron-density theory of carcinogenicity (according to 
which hydrogenation reduces or suppresses activity), but also for investigating their 
fixation by cell receptors competitively with the fully aromatic parent substances,’ Such 
a competition can be expected to inhibit the carcinogenic effect of the fully conjugated 
compound by their partially hydrogenated derivatives, and this has recently been demon- 
strated experimentally.?, Determination of the carcinogenic activity of hydrogenated 
molecules may also provide clues to the ability of cellular enzyme systems to carry out 
dehydrogenations. These considerations prompted the synthesis of various benzacridines, 
benzocarbazoles, and benzophenarsazines bearing one or two hydrogenated rings; as 
direct hydrogenation of polycyclic compounds generally leads to products of indeterminate 
constitution, it was preferable to start from intermediates with hydrogenated rings. 


1’ ; 2’: 3’: 4’-Tetrahydro-1 ; 2-6: 7-dibenzacridine (1; KR « H) was prepared by the 
action of paraformaldehyde * on a mixture of #-naphthol and 5: 6:7 ; 8-tetrahydro-l- 
naphthylamine; its 5-methyl homologue (I; R = Me) was synthesised by the action of 
acetic anhydride § on 5: 6: 7: 8-tetrahydro-N-f-naphthy!-1-naphthylamine, the latter being 


* Part XIX, J., 1956, 2048. 


Cf. Lacassagne, Buu-Hoi, and Rudali, Brit. J. Exp. Pathol., 1945, 26, 5 
Ketin, Falk, Lijinsky, and Zechmeister, Science, 1956, 128, 102 

Cf. Lijinsky and Zechmeister, J. Amer. Chem. Soc., 1953, 75, 5496 
Ulimann and Fetvadjian, Ber,, 1903, 36, 1029. 

Cf. Buu-Hol, J., 1946, 702; 1949, 670; 1950, 1146 
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obtained by iodine-catalysed condensation of $-naphthol with 5:6: 7 : 8-tetrahydro- 
I-naphthylamine. 5:6: 7: 8-Tetrahydro-N-a-naphthyl-l-naphthylamine, similarly pre- 
pared by using a-naphthol, condensed with acetic anhydride to 1’ : 2’ : 3’ : 4’-tetrahydro-5- 
methyl-1 : 2-8; 9-dibenzacridine (II). The fully aromatic compounds corresponding to 
these three tetrahydrodibenzacridines are carcinogenic.* 

The condensation of 5: 6:7: 8-tetrahydro-N-a- and -N-f-naphthyl-1-naphthylamine 
with arsenic trichloride’ readily yielded 10-chloro-5 : 10: I’ : 2’ ; 3’ : 4’-hexahydro-3 : 4- 
6: 7- (IIL; R= Cl) and 10-chloro-5: 10: 1” : 2”; 3” : 4’-hexahydro-l : 2-6 ; 7-dibenzo- 
phenarsazine (IV; R = Cl); these reacted with methylmagnesium iodide * to give 
10-methyl-5 : 10; 1’: 2°: 3’; 4’-hexahydro-3:4-6:7- (III; R=Me) and 10-methyl- 
5: 10:1: 2%: 3" ; 4”-hexahydro-1 ; 2-6 ; 7-dibenzophenarsazine (IV; R = Me). Similar 
compounds with a cyclopentene ring were prepared from 5-aminoindane ; this amine (which 
was obtained free from traces of the 4-isomer by Beckmann rearrangement of 5-acetyl- 
indane oxime) gave, with $- and a-naphthol, N-6- and -«-naphthyl-5-indanylamine, which 
were converted by arsenic trichloride into 10-chloro-5 : 10-dihydro-7 : 8-cyclopenteno-1 : 2- 
(V; R = Cl) and 10-chloro-5 ; 10-dihydro-2 : 3-cyclopenteno-6 : 7-benzophenarsazine (VI) ; 
the former yielded with methylmagnesium iodide the 10-methyl compound (V; R = Me). 
In the various cyclisations reported, the possibility of ring-closure at the 3-position of the 
é-naphthyl moiety was not considered, in view of earlier results in similar cases.® 


(VIE) 


& bi 
Sw 7 
(1X) (X) 


A convenient route to heterocyclic compounds bearing two adjacent hydrogenated 
benzene rings was to start froni decalones. Thus, cis-$-decalone phenylhydrazone under- 
went Fischer indolisation with hydrogen chloride to give a mixture of the linear (VII) and 
the angular octahydrobenzocarbazole (VIII) in a ratio of approximately 2:1; the con- 
stitution of these products was proved by their dehydrogenation with chloranil to 2 : 3- and 
3: 4-benzocarbazole respectively. Similarly, it was found that the Pfitzinger reaction of 
cis-@-decalone with isatin gave a mixture of cinchoninic acids which underwent thermal 
decarboxylation to a mixture of octahydrobenzacridines (IX) and (X), likewise in a 2: 1 
ratio; although these were destroyed when heated with selenium, the latter was smoothly 
dehydrogenated by chloranil to 3 : 4-benzacridine. 


EXPERIMENTAL 
1’: 2’: 8°: 4’-Tetrahydro-\ : 2-6: 7-dibenzacridine (1; R H).—To a boiling mixture of 
5:6: 7: 8-tetrahydro-l-naphthylamine {5 g.) and $-naphthol (5 g.), paraformaldehyde (1 g.) 
was added in smal) portions; when the vigorous reaction had subsided, boiling was continued 
for 5 more minutes, and the product fractionated in vacuo, The thick resin (3 g.; b. p. 200— 
$20°/20 mm.) was treated in hot ethanol with ethanolic picric acid; 1’; 2’ : 3’: 4’-tetrahydro-1 : 2- 
6 ; 7-dibensacridine picrate formed deep yellow prisms, m. p. 274—275° (decomp.), from benzene 


* Cf. Cook, Proc. Intern. Congr. Cancer, Madrid, 1933, 2, 373; Lacassagne, Buu-Hol, Lecocq, and 
Rudali, Bull. Cancer, 1046, $3, 48; 1947, 94, 22; Lacassagne, Buu-Hoi, Zajdela, Royer, and Hubert- 
Habart, ibid., 1955, 42, 186, and unpublished results. 

’ Wieland and Rheinheimer, Annalen, 1921, 423, | 
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(Found: N, 10-5. C,y,HgO,N, requires N, 10-9%), which gave on basification with aqueous 
ammonia the free acridine, pale yellow needles, m. p. 162° (from ethanol) (Found; C, 88-7;. H, 
6-2. C,,H,,N requires C, 89-0; H, 6-0%). 

5: 6: 7: 8-Tetrahydro-N-2-naphthyl-\-naphthylamine.—A mixture of 5; 6; 7: 8-tetrahydro 
I-naphthylamine (25 g.), 6-naphthol (25 g), and iodine (0-5 g.) was refluxed for 24 hr.; the 
product was then taken up in benzene, washed with aqueous sodium hydroxide, and dried 
(Na,SO,), the solvent removed, and the residue fractionated in vacuo. The secondary amine 
(20 g.; b. p. 312--317°/65 mm.) formed colourless needles, m. p. 59°, from light petroleum 
(Found ; C, 87-9; H, 7-3. CygH, N requires C, 87-9; H, 7-0%) 

1’ : 2’: 3’: 4’-Tetrahydro-5-methyl-I : 2-6: 7-dibenzacridine (1; RB Me).—A mixture of the 
foregoing amine (5 g.), acetic anhydride (6 g.), and fused zinc chloride (5 g.) was refluxed for 
24hr.; after cooling, the mixture was treated with hot aqueous sodium hydroxide and benzene, 
the benzene layer dried (Na,SO,), the solvent removed, and the residue fractionated in vacuo. 
The thick orange resin (3 g.; b. p. 308-—312°/15 mm.) was converted into a picrate, crystallising 
as deep yellow prisms, m. p. 249-—-250° (decomp.), from benzene (Found: N, 10-3. C,,H,O,N, 
requires N, 10-6%); the free base formed yellowish leaflets, m. p. 170°, from ethanol (Found : 
C, 88-6; H,'6-3. C,,H,,N requires C, 88-9; H, 64%). 

5:6: 7: 8-Tetrahydvo-N-a-naphthyl-\-naphihylamine._repared as for the (-isomer, this 
amine (10 g.) formed a yellow, viscous oil, b. p. 279-—-281°/30 mm. (Found; C, 87-7; H, 
71%), which gave a picrate, crystallising as dark violet needles, m. p, 96° (decomp.), from 
ethanol, 

l’ ; 2’: 3’: 4’-Tetvahydro-5-methyl-1 ; 2-8 ; 9-dibenzacridine (I1).—-Obtained from the fore- 
going amine (5 g.) as for the jsomeric compound (1; Kk Me), this acridine, b, p. 310- 
315°/18 mm., was purified via its picrate (deep yellow prisms, m. p. 230-—231°, from benzene), 
and formed yellowish needles, m. p. 152°, from ethanol (Found: C, 88-6; H, 62%). 

10-Chlovo-5 : 10: 1: 2’: 3’: 4’-hexahydro-3 : 4-6; 7-dibenzophenarsazine (II1; KR Cl).—A 
solution of 5:6: 7: 8-tetrahydro-N-a-naphthyl-l-naphthylamine (5 g.) in o-dichlorobenzene 
(10 c.c.) was refluxed with arsenic trichloride (3 g.) for 30 min. ‘The precipitate (5 g.) which was 
formed on cooling crystallised as greenish-yellow needles, m. p. 268° (decomp, >» 262°), from 
xylene, giving a blood-red halochromy in sulphuric acid (Found ; C, 62-56; H, 45, CygH,,NCIAs 
requires C, 62:9; H, 45%). 

5:10: 1’: 2’: 3’: 4’-Hexahydro-10-methyl-3 : 4-6: 7-dibenzophenarsazine (111; KR «= Me), 
The foregoing chloro-devivative (2 g.) was added portionwise with stirring to an excess of ethereal 
methylmagnesium iodide, and the mixture refluxed for a few minutes, After treatment with 
aqueous ammonium chloride and evaporation, the residue was crystallised from ethanol, giving 
colourless prisms (1-5 g.), m, p. 173° (Found; C, 69-5; H, 5-3. C,,HyNAs requires C, 69-8; H, 
55%). 
10-Chlovo-5 : 10: 1” : 2” : 8’ : 4’’-hexahydro-1 ; 2-6: 7-dibenzophenarsazine (IV; R = Cl).— 
Prepared from 5: 6: 7: 8-tetrahydro-N-2-naphthyl-l-naphthylamine (5 g.) as for the isomer, 
this phenarsazine (5 g.) formed deep yellow needles, m. p. 290° (decomp, > 266°), from xylene 
(Found: C, 62-6; H, 43%). 6:10: 1%: 2%: 3: 4”-Hexahydro-10-methyl-1 ; 2-6 ; 7-dibenso- 
phenarsazine (1V; R Me) formed colourless prisms, m. p. 179°, from ethanol, giving a red 
halochromy in sulphuric acid (Found; C, 69-6; H, 53%) 

Fischer Cyclisation of cis-$-Decalone Phenylkydrazone 
chromic acid oxidation of cis-6-decalol (a product, m. p 
acetate and fractional crystallisation from light petroleum, was used) according to Leroux’'s 
procedure.* A mixture of this ketone (10 g.) and phenylhydrazine (10 g.) was heated at 120° 
until evolution of steam had ceased, and the crude phenylhydrazone was boiled for a few seconds 
with an acetic acid solution of hydrogen chloride, then diluted with water; the product was 
taken up in benzene, washed with water, and dried (Na,5O,), the solvent distilled off, and the 
residue fractionated in vacuo, The portion boiling at 260 255° /20 mm, (12 g.) solidified partly 
on treatment with light petroleum and recrystallised from ethanol. cis-1: 2:3: 4: 1':2':3’: 4’- 
Octahydro-2 : 3-benzocarbazole (V11) formed colourless leaflets (7-8 g.), m. p. 188°, whose solutions 
showed a strong violet fluorescence (Found: C, 85-0; H, 8:3. C, gH, N requires C, 86-3; H, 
84%); this compound gave a brown-violet picrate which decomposed on recrystallisation from 
benzene, but with tetrachlorophthalic anhydride in acetic acid a stable vermilion addition- 
was obtained.” A solution of compound (VII) (3 g.) and chloranil 


cis-8-Decalone was prepared by 
18°, obtained by hydrolysis of the 


compound, m. p. 174-175", 


* Aeschlimann, J., 1927, 413. 
* Leroux, Ann. Chim., 1910, 21, 458; Zelinsky and Turowa-Pollak, Ber., 1926, 58, 1293. 


‘© Cf. Buu-Hol and Jacquignon, Compt. rend., 1962, 284, 1056 
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(9 g.) in dry xylene (30 c.c.), refluxed for 16 hr., yielded 2 ; 3-benzocarbazole (1 g.), crystallising 
as colourless, sublimable prisms, m. p. 333°, from benzene." 

Evaporation of the mother-liquor from the crystallisation of compound (VII) afforded cis- 
1:2:3:4:1': 2’: 3’: 4-octahydro-3 : 4-benzocarbazole (VIII) (3-8 g.), b. p. 251—-252°/20 mm. 
(Found: C, 86-2; H, 82%), whose picrate formed brown-red prisms, m. p. 135—136° (decomp.), 
from benzene. Dehydrogenation with chloranil yielded 3 : 4-benzocarbazole, m. p. 135°, whose 
picrate formed ruby-red needles, m. p. 175° (decomp.), from benzene,” 

Pfitzinger Condensation of cis-$-Decalone with Isatin.—A mixture of cis-§-decalone (10 g.), 
isatin (11 g.), and potassium hydroxide (12 g.) in ethanol (75 c.c.) was gently refluxed for 12 hr., 
the solvent then distilled off in vacuo, and water added. The neutral impurities were removed 
by ether-extraction, the aqueous layer was acidified with acetic acid, and the precipitate 
collected, washed with water, and dried, This cinchoninic acid mixture (14 g.) was 
heated above the m. p., and the residue distilled in vacuo, giving a thick yellow oil 
(10 g.; b. p. 200-—300°/17 mm.), which solidified partly on trituration with light petroleum. 
cise: 2:3:4: 1%: 2’: 3’: 4’-Octahydro-2 : 3-benzacridine (1X) formed colourless needles (5 g.), 
m. p. 171°, from ethanol, giving a yellow halochromy in sulphuric acid (Found: C, 86-0; H, 7-8. 
Cy,HyN requires C, 86-1; H, 80%), and a picrate, deep yellow prisms (from ethanol), m. p. 
227.-228° (decomp.) (Found: N, 11-7. Cy,H,,0,N, requires N, 12-0%) 

he mother-liquor from the crystallisation of the product (IX) yielded, on evaporation and 
distillation in vacuo, cis-1: 2: 3:4: 1°: 2’: 3’: 4-octahydro-3 : 4-benzacridine (X) (2-5 g.), b. p. 
ca, 290°/15 mm. (Found; C, 85-7; H, 83%), whose picrate formed bright yellow prisms, m. p. 
209-—210° (decomp.) (Found: N, 11-7%). Dehydrogenation of this product (X) by chloranil ¥ 
readily gave 3: 4-benzacridine, m. p. 131° (picrate m, p. 238—240°). 

Preparation of 6-Aminoindane.—-5-Acetamidoindane (22 g.; b. p. 213°/18 mm.), obtained by 
a Beckmann rearrangement of 5-acetylindane oxime (29 g.; b. p. 180-—-185°/13 mm,, m. p. 115-— 
116°) with phosphorus pentachloride (36 g.) in cold ether (250 c.c.), was hydrolysed by refluxing 
hydrochloric acid (100 ¢.c.), to give, after basification, the free amine, b. p. 135—-136°/13 mm., 
m, p, 35° (from light petroleum). 2-Chloro-3-5’-indanylamino-1 : 4-naphthaquinone, prepared by 
briefly refluxing an ethanolic solution of equimolecular amounts of this amine and 2: 3-dichloro 
1: 4-naphthaquinone with sodium acetate,“ formed red-violet needles, m. p. 196°, from ethanol 
(found: C, 70-1; H, 4:3. C,,H,,O,NCI requires C, 70-5; H, 43%). 

N-a-Naphthyl-6-indanylamine.—-5-Aminoindane (4 g.), a-naphthol (5 g.), and iodine (0-1 g.) 
were refluxed for 36 hr., and the product was worked up in the usual way. The amine (4 g.), 
b. p. 266--267°/156 mm., formed colourless needles, m. p. 59°, from light petroleum (Found ; C, 
87-8; H, 6-5. Cy ,H,,N requires C, 88-0; H, 66%). 

10-Chloro-6 : 10-dihydvo-2 ; 3-cyclopenteno-6 ; 1-benzophenarsazine (V1).--Prepared from the 
foregoing amine (2 g.) and arsenic trichloride (1-5 g.) in o-dichlorobenzene, this compound (2 g.} 
formed yellow leaflets, m. p. 278° (charring > 260°), giving a brown-red halochromy in sulphuric 
acid (Found: C, 61-7; H, 40. CygH,,NCIAs requires C, 62-0; H, 4:1%) 

N-§-Naphthyl-6-ind, ~‘amine,—This amine (6 g.), prepared from 5-aminoindane (4 g.), 
f-naphthol (48 g.), and iodine (0-1 g.), formed colourless needles, m. p. 110°, from ethanol 
(Found: C, 87-9; H, 6-6%) 

10-Chloro 5: W-dihydro-7 : 8-cyclopenteno-1 ; 2-benzophenarsazine (V; R = Cl).—-This com- 
pound formed from o-dichlorobenzene orange-yellow leaflets, m. p. 290° (charring > 270°), giving 
a brown-red halochromy in sulphuric acid (Found: C, 61-8; H, 39%). 5: 10-Dihydro-10- 
méthyl-7 : 8-cyclopenteno-1 : 2-benzophenarsazine (V; R Me), prepared with methylmagnesium 
iodide in the usual way, formed colourless prisms, m. p. 207°, from ethanol (Found : C, 68-9; H, 

53. Cy.H,.NAs requires C, 69-2; H, 5-2%). 
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511. Diazepines. Part I, Condensation of Acetylacetone with 
1 : 2-Diamines. 


By Dovucrias Lioyp and Donatp R. MARSHALL. 


The study of the condensation of 1 : 2-diamines with acetylacetone, as 
briefly reported,! has been extended. The effect of pH and of temperature 
m the reactions between trans-1 : 2-diaminocyclopentane and acetylacetone 
has been studied in detail. 


ALTHOUGH much work has been carried out recently on carbocyclic compounds containing 
a seven-membered ring, comparatively little systematic investigation has been made of 
the heterocyclic analogues. 

A readily available group of compounds of this type consists of the 1 ; 4-diazepines 
(1 : 4-diazacycloheptatrienes) and their 2 ; 3-dihydro-derivatives, which arise from condens- 
ation of 1 : 2-diamines and 1 : 3-diketones. Thiele and Stimming ** thus prepared 5; 7 
dimethyl-2 : 3-benzo-1 : 4-diazepine (I) from o-phenylenediamine and acetylacetons, 
and 2: 3-dihydro-5 : 7-dimethyl-1 : 4-diazepine (II) has been prepared from ethylene- 
diamine and acetylacetone.* 


. 7 
} 
“~ 

NHS 


(IA) (itt) 


The double-bond structure in the seven-membered ring was not fully resolved; e.g., 
the former compound may be represented as (IA or B), though the latter seems more 
likely, especially in the monoacid salts which may be represented as (III). This matter 
will be discussed more fully in a later paper. 

Haley and Maitland ® found that the yield of diazepine from o-phenylenediamine and 
acetylacetone was dependent on the pH, being a maximum at pH ~4°8 and zero at 
pH >7-7. No mention is made of other products. 

In the present work the reactions of ethylenediamine and frans-1 : 2-diaminocyclo- 
pentane with acetylacetone have been investigated. In both cases the yield of diazepine is 
dependent on the pH of the reaction mixture, and different products can be obtained by 
variation of the pH, other conditions being constant: early workers * on the reaction 
between ethylenediamine and acetylacetone did not record the formation of any dihydro- 
diazepine derivative, but only an open-chain condensation product (IV) formed from two 
molecules of ketone and one of amine.* Schwarzenbach and Liitz * obtained both products 
by varying their reaction conditions. 

In the present work, constant proportions of the two reactants were kept in aqueous 
solutions buffered to definite pH values for 48 hours at a constant temperature. Most 
attention was devoted to the reaction between the diaminocyclopentane and acetylacetone, 


* Rosanova, although giving analytical results corresponding to the dihydrodiazepine, quotes 
physical constants which are those of the open-chain compound (IV). 


1 XIVth Int, Congr. Pure Appl. Chem., Ziirich, 1955. 

* Thiele and Stimming, Ber., 1907, 40, 955 

® See also Vaysman, Trudy Inst. Khim. Khar'kov Gosudarst. Univ., 1938, 4, 157; 1040, §, 67 

* Schwarzenbach and Litz, Helv. Chim. Acta, 1940, 23, 1139. 

* Haley and Maitland, /., 1951, 3155. 

* Combes, Compt. rend., 1889, 108, 1252; Bull. Soc. chim., 1892, 7, 788; Riigheimer, Ber., 1914, 47, 
2764; Rosanova, /. Russ. Phys. Chem. Soc., 1915, 47, 611 
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as the products are not so highly soluble in water, and are thus more easily isolated and 
determined, than those arising with ethylenediamine. 


AcCH, -CMe:N-CHyCHyN'CMe-CH,Ac 
(IV) 


_NH, 


“~~ ~NiCMe+CH)Ac 
(VI) 
lwo compounds (V) and (VI) were obtained, corresponding to the two compounds 


previously reported from ethylenediamine and acetylacetone. 
The yields obtained at 20°, at various pH values, are shown in Fig. 1: jn mild alkali 


2, and 3 Variations of yield with pH at 20°, 36-5°, and 59°, respectively 
Variations of yields with temperature, at given pil value (Numerals on the curves denote pH.) 


(/) x (2) 


l2 
pH 


Compound \ Compound VI (the broken nature of the bottom curve in Fig. 3 
is obscured by the points themselves). 


the dihydrodiazepine is the minor product, in more strongly alkaline solution and in acid 
solution it is the main product and, over a wide range of pH, the sole product. 

In the reaction of ethylenediamine with acetylacetone a maximum yield of the open 
chain compound (IV) is likewise obtained at 20° at pH ~8. 
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Several reactions are in competition, namely, the formation of compounds (V) and 
(VI) and their hydrolysis, 2: 3-Dihydro-l : 4-diazepines are very stable over a wide 
range of pH and thus their hydrolysis may be ignored save at 
af _NH*CMe:CH-COMe high acidity and alkalinity. The product.(VI) may, however, 
if be regarded alternatively as an imine, or, in its tautomeric 
ee form (VIA), as an extended amide, and in either ferm would 
“NH CMe:CH*COMe be easily hydrolysed; thus at all but moderately alkaline pH 
the hydrolysis equilibrium is such that this condensation is 
effectively suppressed, leaving formation of the dihydrodiazepine 
to proceed without competition and giving (V) as the sole product. At moderately alkaline 
pH, however, the product (VI) is stable and its formation predominates over that of the 
diazepine (V), presumably because of its precipitation. 

The effect of temperature is shown in Figs. 2 and 3. Big differences in the proportions 
of the products (V) and (VI) may result : a difference of only 40° may, at some pH values, 
lead to a completely different ratio of the products (see Fig. 4), This may also be corre 
lated with the different rates of hydrolysis. 

At pH values other than those leading to its formation in the initial condensation, the 
product (VI) is largely converted into the diazepine derivative (V) and acetylacetone, but 
the reverse interconversion cannot be carried out, even at pH 8—9. These facts also 
accord with the suggestion that the nature of the main product is governed by the ease of 
hydrolysis under the conditions used. 

Attempts to form the 2 : 4-dinitrophenylhydrazone of the product (VI) in acid solution 
gave only the derivative of acetylacetone, owing to hydrolysis. 


< 


(VIA) 


EXPERIMENTAL 


trans-1 : 2-Diaminocyclopentane was prepared, with certain variations of detail, by the 
method of Cope et al.’ from ethyl 2-oxocyclopentanecarboxylate by nitrosation. 

Di-(2-hydroxyiminocyclopentylidene)hydrazine was prepared by adding to cyclopentane- 
1: 2-dione monoxime an equivalent of hydrazine hydrate in sodium acetate solution, being 
obtained as a hemihydrate, yellow needles, decomp. 192-—-194° (Found: C, 61-8; H, 64; 
N, 23-7. CyHO,N,4H,O requires C, 51-9; H, 65; N, 242%). Reerystallisation from 
hot methanol gives the anhydrous form as orange prisms, decomp. 188° (Found: C, 54-2; 
H, 6-3; N, 25-6, CygH,,O,N, requires C, 54:1; H, 6-3; N, 262%). 

cycloPentane-1 : 2-dione Dioxime.—Instead of isolating the monoxime (see Cope’), the 
reaction mixture was treated directly with hydroxylamine hydrochloride at this stage. The 
solution containing the monoxime (0-5 mole) was acidified to remove carbon dioxide, then 
neutralised again and treated with a solution of hydroxylamine hydrochloride (0-6 mole) in 
~3n-sodium hydroxide (0-5 mole). The dioxime was formed rapidly as fawn needles, decomp 
215° (68%). 

trans-1 : 2-Diaminocyclopentane was prepared from the dioxime as described by Cope, 
except that chloroform was used in the final extraction of the amine. Yields averaged 
70%. The amine hydrochloride forms a dihydvate on exposure to air (Found: H,O, 17-2 
C,H ,,N,,2HCI,2H,0 requires H,O, 17-2%). 

Condensations between Diaminocyclopentane and Acetylacetone.—Constant proportions of 
diaminocyclopentane hydrochloride and acetylacetone (1: 2:5 mols.) were mixed in phosphate- 
or acetate-buffered aqueous solutions and kept in a thermostat for 48 hr. The pH of the 
mixtures was determined potentiometrically at the beginning and end of each reaction. Excess 
of the ketone was used to enable either of the two competing reactions to go to completion. 

In some cases a crystalline precipitate appeared which proved to be the product (VI), This 
was removed and the filtrate (or the unfiltered solution, where no precipitate had appeared) 
made alkaline. The dihydrodiazepine (V) was then precipitated. Complete separation of the 
products was obtained in this way. 

trans-1 : 2-Di-(1-methyl-3-oxobutylideneamino)cyclopentane (V1 or VIA) formed needles, 
readily soluble in methanol and dilute aqueous acids, sparingly soluble in water and benzene, 
and having m. p. 157-5—158-5° (from benzene) (Found: C, 68-1; H,89; N, 10-1. ©,,H,O,N, 
requires C, 68-2; H, 9-1; N, 10-6%). 


7 Cope, Estes, Emery, and Haven, J. Amer. Chem. Soe., 1951, 78, 1199 
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2: 3-Lihydro-6 : 1-dimethyl-2 ; 3-cyclopentano-| : 4-diazepine (V) is readily soluble in chloro 
form and ethanol, less soluble in carbon tetrachloride, sparingly soluble in benzene, and has 
m. p, 246--249° (decomp.) (from benzene) (Found: C, 74-1; H, 97; N, 16-9. C,,Hi.N, 
requires C, 73-2; H, 9-8; N, 17-1%). 

Conversion of Compound (V1) into the Dihydrodiazepine (V).—The compound (VI) was 
dissolved in hydrochloric acid, and the solution buffered to pH 4. Kemoval of the solvent 
by distillation (at room temperature) gave a distillate which gave a 2 ; 4-dinitrophenylhydrazone 
and a colour with ferric chloride solution corresponding to those obtained from acetylacetone 
When the residue from the distillation was made strongly alkaline the dihydrodiazepine (V) 
separated (m. p. 245-—-248°), On the other hand, at pH 9, little or no conversion occurred and 
at no pH could the reverse change be effected. 

Condensations of Ethylenediamine with Acetylacetone,—A similar procedure was used to that 
in the condensations involving diaminocyclopentane. Owing to the much greater solubility 
of the products it was difficult to isolate them quantitatively but a maximum yield of the open 
chain compound (LV), m. p. 110—111°, was obtained at pH ~ 8-5. 2: 3-Dihydro-5: 7-dimethyl- 
1: 4-diazepine, obtained by the method of Schwarzenbach and Liitz,* had m. p. 85-—-91°. 
A sample obtained from the hydrochloride had m.-p. 93-—95°, b. p. 246—260°. An aqueous 

ition had pH S11; it is a strong enough base to decompose chloroform in which it is 
dissolved, resulting in the formation of the hydrochloride, m. p, 288--292° (from ethyl acetate 
methanol) (Found: C, 62-2; H, 7-9; N, 17-8; Cl, 22-3. C,H ,,N,Cl requires C, 52-3; H, 8-1; 
N, 17-5; Cl, 22:1%) The perchlorate * has m. p. 138---141-5° (from water). 


We are indebted to the Department of Scientific and Industrial Research for financial 
assistance (to D. R. M.). 
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512. Constitution of T'amarind-seed Polysaccharides, and the 
Structure of the Xylan. 
By G. R. Savur. 


Ihe xylan from decorticated tamarind seeds is devoid of arabinose 
residues. Chromatography of the methylated derivatives on paper and on 
cellulose columns reveals that the polysaccharide consists of about 80 -+- 5 6-p- 
xylopyranose units, linked through 1 : 4-positions and disposed in a singly 
branched structure with bifurcation involving the 3-hydroxyl group of one 
of the xylopyranose residues, The molecule has one reducing and two non- 
reducing terminal groups. These observations are supported by oxidations 
with periodate, the reducing power of the xylan, and its molecular weight. 


AVUR and SREENIVASAN! showed that the gel-forming constituent obtained from 
aqueous extracts of decorticated tamarind-kernel powder by precipitation with alcohol 
differs fundamentally from pectins, although it forms excellent jellies with sugar both in 
icidic and neutral media. The powder contains three types of material,? viz.: P, 
(2—4°,), soluble in water within 2—3 minutes at 5°; P, (20-—22%), soluble at room 
temperature on vigorous stirring with water for 35 minutes; and P, (30—35%), insoluble 
in cold but soluble in boiling water. Fraction P, has no jellying properties, while fractions 
P, and P, have excellent jellying and sizing properties. 

Che xylan ® from fraction P, was extracted with dilute sodium hydroxide solution at 
room temperature, isolated by acidification with acetic acid and precipitation with acetone, 
and purified by repeated precipitation as the copper complex. On hydrolysis it gave 
»-xylose, the yield being determined as 97-6% by determination of furfuraldehyde phloro 
glucide and 07-4%, by filter paper chromatography. 

reenivasan, Current Sci., 1946, 14, 129; 1946, 15, 43, 134, 168; /. Biol. Chem., 1048, 
Chem. Ind., 1948, 67, 190 

Current Sci., 1955, 24, 236 

Indian P, 53,429/1954 

Hirst, and Jones, /., 1948, 1679 
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Paper chromatography of the hydrolysate of the methylated xylan indicated the 
presence of 2:3: 4-tri-O-methylxylose (2-5 mol.°%), 2: 3-di-O-methylxylose, mono-O- 
methylxylose (5-2°%), and xylose (a trace). The sugars were identified by the Rg values, 
the proportions being determined by hypoiodite oxidation ° in sodium hydroxide-phosphate 
buffer at pH 11-4. These experiments indicate one non-reducing end group per 40 residues 

The amount of tri-O-methylxylose obtained on cellulose columns after quantitative 
methylation of the xylan hydrolysate corresponds to 35 +. 5 residues for each non-reducing 
end group. The molecular weight of the xylan, determined by measurements of viscosity 
in m-cresol, was 11,500. The tri- and mono-O-methy! sugars were identified as 2: 3: 4- 
tri-O-methyl- and 2-O-methyl-p-xylopyranose respectively, the results being confirmed 
by formation of the anilides. The 2: 3-di-O-methyl-p-xylose was identified as its anilide, 
lactone, and amide. 

Since more than one molar proportion of 2-O-methylxylopyranose was separated and 
identified in the hydrolysate, branching occurred through the position Cy) of the xylose 
residue in the 1: 4-linked chain. Determination of formic acid liberated from the end 
groups by periodate oxidation and determination of the reducing groups * agree with the 
observations that the xylan molecule comprises of about 80 + 5 6-p-xylopyranose units 
linked through 1 : 4-linkages and terminated by one reducing and two non-reducing groups 


EXPERIMENTAL 


Preparation of the Xylan.--The polysaccharide P, (500 g.) was extracted with 4% sodium 
hydroxide solution (1 1.) at room temperature; the solution was acidified and precipitation 
effected with acetone, the operation being repeated on the residual solid. The crude xylan 
was collected on a centrifuge, washed with 1; 1 acetone~water, then with alcohol and with 
ether, and dried at 55° and then over P,O, (yield, 125g.). Chromatography of the hydrolysate ¢ 
disclosed xylose 86%, glucose 8-5%, and galactose 24%. 

Crude xylan (30 g.) was dissolved in 2% sodium hydroxide solution (2 1.) and treated with 
freshly prepared Fehling’s solution (2 1) and a little acetone. The precipitated copper 
complex was collected on muslin, suspended in water (1 1,), and treated with 2n-hydrochloric 
acid, the acidity of solution being kept below nN. The xylan was precipitated with acetone as 
a white flocculent material which was collected on a centrifuge and washed with acidified 
acetone—water until free from copper, then with neutral acetone-water to remove the acid, and 
finally with alcohol and ether. It was suspended in water (1 1.) and shaken for 12 hr. The 
insoluble product (yield 25 g.) contained no glucose or galactose and gave a 95%, yield of xylose 
on hydrolysis, estimated as di-O-benzylidenexylose dimethyl acetal,’ 

Filter-paper chromatography of the hydrolysate showed the presence of only xylose. The 
product on hydrolysis with 0-5n-sulphuric acid and estimation with Somogyi’s copper reagent 
accounted for 97-98%, of the xylan. 

Methylation._-Purified xylan (25 g.) was suspended in water (200 ¢.c.) for about 12 hr, 
under a stream of nitrogen. 40% Sodium hydroxide solution (300 c.c.) was added and the 
whole stirred for 4 hr. Methyl sulphate (200 c.c.) was added dropwise during 8 hr. with ice- 
cooling. Next morning the mixture was heated for 1 hr. on a water-bath The mixture was 
cooled and treated with 40% sodium hydroxide solution (300 c.c.), followed by methyl sulphate 
(250 c.c.), this treatment being repeated 4 times at room temperature in nitrogen; 200 c.c. of 
acetone were added before the last methylation and distilled off on completion of the methylation, 
The mixture was cooled and its pH adjusted to 8 by 0-5n-sulphuric acid, The precipitate was 
boiled with water, dissolved in 4: 1 aqueous acetone, and treated with 40%, sodium hydroxide 
solution (400 c.c.) for 2 hr. with stirring in nitrogen, and then with methyl! sulphate, this methyl 
ation being repeated four times, The final product (28-5 g.) had [a«)” —82-6° (c 0-8 in CHCI,) 
(Found: OMe, 36-2%). 

Fractionation of the Methylated Xylan.—The preceding product was fractionated according 
to the method of Chanda etal. The seventh fraction (eluted with 35 : 65 v/v chloroform-light 
petroleum) amounted to 36-5% and had [a]? —84° (Found; C, 52-0; H, 7-7; OMe, 36-8%, 
Cale, for C,H,,0,: C, 52-6; H, 7-56; OMe, 37-2%). 

* Hirst, Hough, and Jones, J., 1949, 928. 

* Ingles and Israel, /., 1948, 810 

? Breddy and Jones, /., 1945, 738. 

* Chanda, Hirst, Jones, and Percival, J., 1960, 1289 
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Molecular Weight.—The molecular weight of the xylan was determined in 0-1n-sodium 
hydroxide, and those of its derivatives in m-cresol by measuring the viscosity in an Ostwald 
viscometer, the relation used being 7,, = K,ymc. Values of 14,835 for the methylated xylan and 
17,660 for the acetylated xylan * were obtained, 

Hydrolysis of the Methylated Xylan.(a) By paper chromatography. Uydrolysis was as 
described by Chanda et al,* Paper chromatography of the hydrolysis products with butanol- 
ethanol-water and development with aniline oxalate gave spots corresponding to tri-O- (i, 
0-94-—0-96), 2: 3-di-O- (Rg 0-75-—0-76), and mono-O-methylxylose (7, 0-38-——0-40), and traces 
of xylose. The methylated sugars were estimated by alkaline hypoiodite after separation 
on the paper chromatogram, The following results were obtained: 2: 3: 4-tri-O-methyl 
xylose, 1-00 mg. gave 0-98 mg.; 2: 3-di-O-methylxylose, 0-95 mg. gave 0-94 mg.; 2-O-methy! 

ylose, 1-2 mg. gave 1:16 mg. 2: 4-Di-O-methylxylose was not found.” 

50 mg. of the methylated xylan, hydrolysed as before, gave on a paper chromatogram : 
2:3: 4-tri-, 0-25 mg.; 2: 3-di-, 864 mg.; and 2-O-mono-methylxylose, 0-5 mg.; and xylose, 
0-03 meg. 

(b) On a cellulose column, When the methylated xylan (6 g.) was heated on a water-bath 
with 1% methanolic hydrogen chloride (600 c.c.) and then neutralised, the following rotations 
were observed ; [a}!* 4° (1 hr.); 13-56° (2 hr.); 20° (3 hr.); 36°(4hr.); 50-5° (5hr.); 60° (6 hr.) ; 
68° (7 hr.); 785° (8 br., constant), Subsequent procedure was as described by Chanda et al.,* 
but a column of powdered cellulose “ (60 x 4 cm.) was used with light petroleum (b. p. 100 
120°)-butan-l-ol (7: 3) saturated with water containing 1% of ammonia as solvent. The 
eluates were concentrated, treated with methanol, and distilled, yielding: (1) tri-O-methy]| 
pentose (268 mg.); (2) di-O-methylpentose (620 mg.); (3) monomethyl pentose (260 mg.) ; 
and (4) xylose (6 mg.). 

fraction 1 was purified by crystallisation {yield 100 mg.; [a]? 22-5 (c 1-5 in H,O), m. p 
10°, not depressed on admixture with tri-O-methyl-p-xylopyranose (Found ; C, 50-3; H, 8-2 
OMe, 488. Cale. for C,H,,0,: C, 500; H, 83; OMe, 48-4%)}. The total quantity of 
tri-O-methyl-p-xylopyranose was 212 +. 10 mg., corresponding to 35 +. 3 residues. 

Fraction 2 was a syrup, [a] 24° (c 2-4 in H,O) (Found: OMe, 35-4. Calc. for C,H,,0, : 
OMe, 348%). The presence of 2: 3-di-O-methylxylose was confirmed by preparation of the 
lactone, ‘This with methanolic ammonia yielded 2: 3-di-O-methyl-p-xylonamide, m. p. and 
mixed m, p, 134-7°, [oj 4-48-6° (c 0-8 in H,O) (Found: C, 43-3; H, 7-5; N, 7-2; OMe, 32-2 
Cale, for C,H,,0O,;N: C, 43-5; H, 7-7; N, 7°26; OMe, 32:1%). The anilide had m. p. and 
mixed m. p. 145-2°, [a] + 191° (c¢ 1-2 in ethyl acetate; const. after 24 hr.) (Found: C, 61-8; 
Hf, 7-7; N, 68; OMe, 241, Cale, for C\,H,O,N: C, 61-6; H, 7-6; N, 565; OMe, 24-5%). 

lraction 3 was a syrup; it crystallised on inoculation with 2-O-methyl-p-xylose. Paper 
chromatography showed the presence of 2-O-methylxylose, m. p, and mixed m, p. 133-8°, 
a\*” +. 6° (after 15 min.), 26° (1 hr.), 34-5° (3 hr., const.) (¢ 1-0 in H,O) (Pound; C, 43-7; H, 7-5; 
OMe, 17-8. Cale, forC,H,,0O,: C, 43-9; H, 7:3; OMe, 18-9%). 

Fraction 4, also a syrup, had [a]% -+-13-0° (¢ 3-0 in H,O) and contained xylose (paper chrom- 
atography) 

Periodate Oxidation..-The method of Chanda et al.* gave the following amounts (10™ mole) 
of formic acid per C,H,,O, unit: Lhr., 0-17; 2hr., 0-38; 72br., 4-0; 96hr., 45; 150 hr., 4-7; 
200 br., 49; 300 hr., 5-0. The results indicate that the amount of formic acid liberated was 
practically constant after one week, corresponding to one mole per 20 xylose residues. 

The amount of periodate consumed per C,H,O, unit, determined by the method of Fleury 
and Lang,'* was 0-90 (24 hr.), 1-2 (48 hr.), and 1-3 (74 hr.). 

Reducing Power.—-The polysaccharide (0-1 ¢.) was treated with n-sodium hydroxide (20 c.c.), 
followed by 0-In-iodine (10 c.c.), The solution was kept in the dark for 16 hr., acidified 
with 2n-sulphurie acid (25 c.c.), and titrated with sodium thiosulphate, blanks being run 


concurrently rhe results correspond to one reducing group per 48 xylose residues. 


DISCUSSION 


It is evident that the xylan is a separate entity which exists along with hexosans in 
close physical union. The starting material used by earlier workers was prepared by 


* Rao and Beri, Proc, Indian Acad. Sci., 19538, 42, 199 
Rao and White, /. Amer, Chem. Soc., 1953, 75, 2617 
'' Hlough, Jones, and Wadman, /., 1949, 2511 
” bleu ind Lange, J]. Pharm. Chim., 1933, 17, 107 
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alcohol precipitation and contained at least 17%, of proteins, in distinction from the present 
work where the pure polysaccharide constituent was isolated. It is thus not surprising that 
earlier workers obtained contradictory results.* For example, Sarkar and Muzumdar “ 
stated that tamarind-kernel powder contains no sugars other than glucose and xylose, 
which is contradictory to the experience of Savur and Sreenivasan ' or Rao and Krishna.'® 
The statement by Das et al.1* that “‘ tamarind seed polysaccharide is not only composed of 
glucose, galactose, and xylose but also arabinose and uronic acid, which have escaped the 
detection of by previous workers" is incorrect as Savur and Sreenivasan ! had already 
stated that tamarind-kernel preparation contains 3-44°%, of uronic acid, Damadaran and 
Rangachari '? detected arabinose among the hydrolytic products of the polyose, but this 
was not confirmed by other investigators. 

Rao and Dickey’s observation 1% that “ in some cases arabinose was also detected 
when the acid hydrolysate of the whole tamarind-kernel powder (not the polysaccharide) 
was analysed chromatographically on filter paper ’’ could also not be confirmed. The 
present investigation reveals that the uronic acid is not an integral part of the gel-forming 
substance and that neither the alcohol-insoluble fraction nor the non-polysaccharide 
fraction yields arabinose on hydrolysis, in disagreement with Das e¢ al.'® and Rao and 
Dickey.!* 

The only sugars identified in acidic or enzymic hydrolysates of the gel-forming con- 
stituent were glucose, galactose, and xylose. In view of the observations by Rao and 
Dickey,}* ! the non-polysaccharide fraction from tamarind-kernel powder was examined 
chromatographically; uronic acid but no arabinose or other sugar was detected. Rao 
and White’s work ! is based on the products obtained from a mixture of polysaccharides 
which they considered as a single entity. Contrary to their findings 3: 4-di-O-methyl- 
xylose was not detected. 

Pretin Manuracturine Co., Bompay-40, InpIA [ Received, October 17th, 1955.) 
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513. The Synthesis of Thionaphthen Derivatives. PartI, The Cyclis- 
ation of Arylthioacetaldehyde Diethyl Acetals. 


By J. E. Banriecp, W. Davies, B. C. Ennis, S. MIDDLETON, 
and Q. N. Porter. 


Cyclisation of various arylthioacetaldehyde diethyl acetals has been 
examined and the most reliable, although not infallible, reagent is the 
mixture of phosphoric oxide and phosphoric acid first used by Tilak! with 
the corresponding dimethyl acetals, Tilak’s so-called naphtho(1’: 9’: 8’- 
2:3: 4)thiapyran (VII) from l-naphthylthioacetaldehyde dimethyl acetal is 
now found to be 6: 7-benzothionaphthen (V1) 


[ue preparation of thionaphthens by reduction of the corresponding thioindoxyls, often 
stated ®* to be satisfactory, sometimes suffers serious disadvantages in that (a) cyclisation 
of the phenylthioglycollic acids to the thioindoxyls is complicated by oxidation,* inter- 
molecular condensation [as shown by the formation of (p-acetylphenylthio)acetic acid (IT) 


' Tilak, Proc. Indian Acad. Sci., 1950, 32, A, 390 

' Steinkopff, ‘' Die Chemie des Thiophens,”’ Steinkopfi, Leipzig, 1041 

* Hartough and Meisel, ‘‘ Compounds with Condensed Thiophen King Systems,’ 
New York, 1954 

* Elderfield, “ Heterocyclic Compounds,” Wiley, 1951, Vol. II, p. 146 

* Smiles and Hutchinson, /., 1912, 101, 573 
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from (phenylthio)acetic acid (1) *|, or fission of a carbon-sulphur bond (minimised by 
use of basic cyclising agents ”), (b) the thioindoxyl is readily oxidise in air to the thio- 
indigo, and (c) reduction to the thionaphthen is difficult to control.“ * Several recent 
preparations have started with the now commercially available thionaphthen but this is 
usually useful only for derivatives which contain at least one substituent in the thiophen 
ring. A different approach, begun by us in 1948, was from arylthioacetaldehyde diethyl 
acetals, ArS*CHyCH(OEt),. 

These acetals are readily prepared from chloroacetaldehyde diethyl acetal and the 
sodium aryl sulphide, a method already known ® for the phenylthio-compound. Use of 
the more expensive bromoacetal ' is unnecessary. Most of our acetals have been character- 
ised by conversion into the p-nitrophenylhydrazones of the corresponding aldehydes, 
which, however, were not themselves isolated. 

Autenrieth * attempted to convert phenylthioacetaldehyde diethyl acetal into thio- 
naphthen, but found that decomposition occurred on the use of hydrochloric acid, zinc 
chloride, acetic anhydride, or concentrated sulphuric acid; it is now found that the last 
reagent destroys thionaphthen. The problem is more difficult than the cyclodehydration 
of the corresponding ether PhO-CH,*CH(OEt),, as an alkoxy-group would be expected to 
activate the ortho-position more strongly than an alkylthio-group. Moreover, the more 
drastic eyclodehydration conditions required for the sulphur compound are likely to bring 
about a fission of one of the sulphur-carbon bonds. For example, hydrogen iodide brought 
about such a fission with (6-methoxy-3-methylphenylthio)acetic acid (III), though the 
methoxy-group was not hydrolysed.4° During the present work it has been found that acidic 
reagents readily cause fission of various arylthioacetals, and the fission products contain, 
apart from tar, the original thiol or the corresponding disulphide. Thus, di-2-naphthyl di- 
sulphide is the principal compound formed when the 2-naphthylthio-acetal is heated with 
pyridine hydrobromide at 180° for 2 hours, and the p-tolylthio-acetal gives thiocresol and 
di-p-tolyl disulphide when heated with dry oxalic acid at 210° for 5 hours. Another 
probable source of by-products from the thioacetal process is the condensation of the 
thionaphthen derivative, as it is formed, with unused aldehyde or acetal; 2.g., 2-formyl- 
oo and thiophen form tri-2-thienylmethane when refluxed with phosphoric oxide 
in ether. 

The comparison between aryloxy- and arylthio-compounds is paralleled with derivatives 
of nitrogen and arsenic: (2-carboxyethyl)diphenylarsine (IV) and related compounds 
cannot be cyclised,™ although the corresponding nitrogen compounds readily gave 
1; 2:3: 4-tetrahydro-4-oxo-l-phenylquinoline, etc., by conventional methods. Moreover, 
some acidic reagents cause fission between the arsenic atom and the side chain in (IV), 
behaviour which is similar to that of the above sulphur compounds. 

Stannic chloride in chloroform at room temperature cyclises 2-naphthylthio- 
acetaldehyde diethyl acetal to 4: 5-benzothionaphthen (about 90% yield), and the 
3: 4-dimethoxyphenylthio-analogue into 5 : 6-dimethoxythionaphthen (about 20% yield), 
the respective structures being proved by desulphurisation to l-ethylnaphthalene and to 
an oil whose oxidation gives veratric acid. The Experimental section describes the partly 
successful use of various cyclisation agents, the search for which was relinquished when 
Tilak ! described the almost invariably successful use of a mixture of phosphoric oxide and 
syrupy phosphoric acid. This agent has found extensive general application ™ since its 
inception, and, in general, is sufficiently mild to permit Tilak’s method of cyclising at a 
temperature high enough to remove the sensitive thionaphthen, as soon as it is formed, 
by continuous distillation under reduced pressure. Even this process, however, 


* Dann and Kokurudz, Chem. Per., 1953, 86, 1452. 

’ Dalgleish and Mann, J., 1954, 899; D_R.-P. 184,496, 190,674, 367,493, 543,286. 
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* Autenrieth, Ber., 1801, 24, 164 

” Gibson and Smiles, /., 1923, 2388 

'! Nahke, Ber, 1897, 30, 2038. 

* Cookson and Mann, /., 1949, 71. 

” Evans and Smith, /., 1054, 785 

' Koebner and Robinson, /., 1938, 1994 


[1956] The Synthesis of Thionaphthen Derivatives. Part 1. 2605 


occasionally gives varying or low yields as a result of slight changes in molecular structure 
and/or cyclisation conditions. Thus, Rabindran, Sunthankar, and Tilak }* obtained from 
p-bromophenylthioacetaldehyde dimethyl acetal only a 13°, yield of 5-bromothionaphthen, 
whereas the diethyl] acetal is now found to give a 49%, yield ; on the other hand, cyclisation 
of p-methoxyphenylthioacetaldehyde diethyl acetal seems even more difficult than that 
of the corresponding dimethyl acetal.'* 
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Either 6: 7-benzothionaphthen (VI) or naphtho(l’: 9 : 8’-2:3:4)thiapyran (VII) 
could be formed by cyclisation of the acetal (V), which was converted by Tilak '7 into a 
cyclic sulphide, whos: picrate had m. p. 177-—-178°. Since the compound obtained by 
cyclisation of 8-chloro-l-naphthylthioacetaldehyde dimethyl acetal (VIII), followed by 
replacement of chlorine by hydrogen, gave a picrate of m. p. 140-5—141-5°, it was accepted 
that cyclisation of (V) had taken place in the peri-position. We therefore chose an indirect 
method for the synthesis of the sulphone (X); it was made via 2 : 3-dihydro-6 : 7-benzo- 
thionaphthen 1: l-dioxide (IX), obtained by the cyclisation of 2-2’-naphthylethane- 
sulphonyl chloride.4* The dihydro-sulphone (1X), on successive reaction with lithium 
aluminium hydride and chloranil, gives a compound (m. p. 27-28"), the properties of which 
agree with those recorded for 6 : 7-benzothionaphthen * ™ but not with those of the linear 
thiophanthrene,” m. p. 189°, which would have been expected had the cyclisation of 
2-2'-naphthylethanesulphonyl chloride produced the linear isomeride of (IX). Now the 
sulphide produced from (LX) is identical (mixed m. p.) with the purified sulphide obtained 
by cyclisation of the acetal (V) by Tilak’s method, and the 2: 4: 7-trinitrofluorenone 
derivatives are identical. The m. p. of the picrates of the identical sulphides obtained by 
the cyclisation of (V) and the corresponding diethy! acetal agrees essentially with those 
of the picrate of 6: 7-benzothionaphthen obtained in other ways." Moreover, the 


* Rabindran, Sunthankar, and Tilak, Proc. Indian Acad. Sci., 1962, 94, A, 406. 
1* Tilak, shid., 1951, 33, A, 35. 
17 Idem, ibid., p. 71 
**® Davies and Porter, following paper 
” Kruber and Raeithel, Chem. Ber., 1953, 86, 366. 
© Mayer, Annalen, 1931, 488, 259. 
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acetal cyclisation product (VI) is directly oxidised to its sulphone, identical with the 
synthetic sulphone (X). 

The m. p. (18—19°) of the crude cyclised product of the acetal (V), and also its conver 
sion into the 2: 4: 7-trinitrofluorenone derivative in 87%, yield, show that the compound 
is almost homogeneous, and the amount of thiapyran (VII) must therefore be very small 
or nil. A possible explanation of the error may be that Tilak’s picrate (m. p. 177—-178°) 
of the supposed “ thiapyran ”’ is actually another form of the known picrate (m. p. about 
144°) of 6: 7-benzothionaphthen. The picrate of 6: 7-benzothionaphthen is inferior 
for characterisation to the 2: 4: 7-trinitrofluorenone derivative, which crystallises with 
little dissociation and melts without decomposition. It is pertinent that there are not 
two picrates of the isomeric 4: 5-benzothionaphthen;*! the “‘ picrate’’ melting at 
116-—117° is 4: 5-benzethionaphthen itself. 

As a result of the above work on the cyclisation of the acetal (V), reconsideration 
should be given to the course of cyclisation of 1 : 8-naphthalenebis(thioacetaldehyde 
dimethyl acetal). The product, because of its orange colour and its absorption spectrum, 
is thought by Tilak 17 to be “ 1: 6-dithiapyrene’’ (XI) (formed by cyclisation in the 
pert-position), and not the isomeric dithienonaphthalene (X11) which was expected to be 
colourless. Visible colour is sofhetimes associated with persistent impurities : for example, 
the 6: 7-benzothionaphthen synthesised in a different manner is reported * to be yellow, 
though the pure compound is colourless," The absorption spectrum seems stronger 
evidence that the compound is not a dithienonaphthalene, though the possibility that it is 
(XIII), with one thiapyran and one thiophen group, has apparently been overlooked 
In any event, as the pure cyclisation product is obtained in less than 3-7% yield, the 
elucidation of its structure will require more evidence than is at present available, 

rhough the acetal (V) cyclises in only about 35%, yield to the sulphide (VI), which is 
oxidised into its sulphone in about 28% yield, this process is nevertheless so far the best 
for preparing 6: 7-benzothionaphthen 1:1 dioxide (X) from common materials. Only 
partial (degradation occurs during the oxidation, and this compares with the successful 
preparation, by means of chromic acid, of the 4: 5-quinone of 6 : 7-benzothionaphthen in 
about 14°, yield. These results contrast with the essentially complete degradation of 
4: 5-benzothionaphthen (under the same conditions), indicating that in this isomer or it 
corresponding sulphone, the 6: 7-bond is most susceptible to oxidation. The above and 
similar differences in stability among isomers in this series are of interest for comparison 
with the analogous aromatic hydrocarbons 


EXPERIMENTAL 

Preparation of Arylthioacetaldehyde Diethyl Acetals.-T wo methods used for the preparation 
of the acetals are exemplified in the preparation of the p-tolylthio-compound, as follows 

(1) Sodium (17 g., 1-4 g.-atom) was added to ethanol (300 ml.), and p-thiocresol (65 g., 1 mole) 
was added to the still-reacting solution, Chloroacetal (88 ml., 1-4 mole) was gradually added 
to the cooled mixture with agitation during 15 min. After several hours at 0° and then 2 days 
at room temperature, most of the alcohol was distilled off and the residue diluted with water 
(500 ml.). The dried (MgSO,) ethereal extract gave the acetal, b. p. 170-5—-172°/18 mm 
(53%) 

(ii) Refluxing one-tenth of the above quantities for 6 hr. gave the acetal (71%), b. p 
171°/18 mm.,, ni 15155 (Found: C, 65-2; H, 82. Cy,H,»O,5 requires C, 65-0; H, 83%) 
p-Tolylthioacetaldehyde p-nitrophenylhydrazone, yellow needles (from ethanol), m. p. 123-5 
124-5°, was formed when the acetal (0-1 g.) was refluxed for 3 min. with ethanol (5 ml.) and 
2n-hydrochloric acid (3 ml.) and the solution then shaken at about 60° for a few minutes with 
an excess of p-nitrophenylhydrazine in dilute hydrochloric acid (Found: C, 60-25; H, 6-05; 
N, 13-9. C,,H,,O,N,5 requires C, 59-8; H, 5-0; N, 13-05%). 

Similarly were prepared; The ©-tolylthio-acetal [prepared by method (i); 3 days at room 
temperature; 48% yield}, b. p. 164-—166°/18 mm. (Found: C, 65-45; H, 795%). 0-Tolylthu 
acetaldehyde p-nitrophenylhydrazone, yellow prisms (from alcohol), m. p. 121—121-5° (Found 
N, 141% 


*' Ref 3, p. 308 
 Szmuszkovicz and Modest, /. Amer. Chem. Soc., 1950, 72, 571 
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The m-folylthio-acetal [method (i); 7 days at room temperature; 39% yield}, b. p. 160 
163°/17 mm. (Found: C, 65-5; H, 82; S, 13-6. C,,H,,O,S requires C, 650; H, 83; 
S, 13-35%). m-Tolylthioacetaldehyde p-nitrophenylhydrasone, orange rods, m. p, 125-—127° 
(Found: N, 140%). 

The p-methoxyphenylthio-acetal [method (i); 3 days at room temperature; 6°), yield), 
b. p. 192—194°/19 mm. (Found; C, 60-5; H, 7-4. C,,H,,O,5 requires C, 61-0, H, 78%). 
p-Methoxyphenylthioacetaldehyde p-nitrophenylhydrazone, orange plates (fro anol), m. p. 
107—-108° (Found: C, 56-8; H, 48; OMe, 9-75. ©,,H,,O,N,5 requires + oS; H, 4°76; 
OMe, 9-75%). 

The 3: 4-dimethoxyphenylthioacetal [method (i); 5 days at room ter pesture; 70% 
yield}, b. p. 170—172°/0-4 mm. 3: 4-Dimethoxyphenylthioacetaldehyde p-nit ophenylhydrazone, 
yellow needles (from alcohol), m. p. 129-5—130-5° (Found: C, 55-5; H, 405; N, 12-4; OMe, 
18:25. CygH,,O,N,5 requires C, 55-0; H, 4-9; N, 12-1; OMe, 17-09%) 

The 2-naphthylthio-acetal [method (ii); refluxing for 6 hr.; 78% yield], b. p. 157-—-160°/0-3 
mm. (Found: C, 69-6; H, 6-9; S, 11-9. C,,H,,O,5 requires C, 69-6; H, 7-25; S, 116%). 

The 1l-naphthy!thio-acetal, prepared (77%) as above except that 0-1 mole of sodium bromide 
was added, had b. p. 145-——-148°/0-2 mm. (Found: C, 70-3; H, 6-7; 5S, 122%) 1-Naphthyl 
thioacetaldehyde p-mitrophenylhydrazone formed yellow crystals, m. p. 160-—161° (Found: N, 12-4, 
C 44H,,O,N,5 requires N, 12-5%). 

The p-bromophenylthio-acetal [method (ii) from bromoacetaldehyde diethyl! acetal; refluxing 
for 3hr.; 60% yield), b. p. 195—196°/19 mm. (Found ; C, 47-1; H, 57. CysH,,O,5Br requires 
C, 47-2; H, 56%). p-Bromophenylthioacetaidehyde p-nitrophenylhydrazone, orange needles, 
m, p. 141° (Found; N, 13-6. C,,H,,O,N,SBr requires N, 13-6%, 

Cyclisation of Acetals.—To 2-naphthylthioacetaldehyde diethyl] acetal (2 g.) in dry chloro 
form (20 ml.), anhydrous stannic chloride (2 ml.) was added with cooling, After 24 hr. at 
room temperature dilute hydrochloric acid was added. ‘The chloroform layer, after drying, 
yielded a residue from which hot ethanol (75 ml.) extracted almost pure 4; 5-benzothionaphthen 
which was precipitated by water (300 ml.) in 92%, yield (m. p, 104-107"). Pure material 
(plates, m. p. 111—112°) was obtained by sublimation at 100°/20 mm, or more rapidly by 
distillation in 30 volumes of ethylene glycol in which the benzothionaphthen is sparingly soluble 
when cold (Found: C, 78:25; H, 45; $,17-1. Calc. forC,,H,5:; C, 783; H, 435; S, 17-3%). 
When purified by means of the picrate it has m. p. 113-—-114°. The m. p. of the coal- 
tar product ” was 116°, and those of the synthetic products of Carruthers* and of Tilak” 
were 112° and 116—-117° respectively, The last-named obtained it in a yield of about 55% by 
cyclisation of 2-naphthylthioacetaldehyde dimethyl! acetal with polyphosphoric acid, 

2-Naphthylthioacetaldehyde diethyl acetal has been used in examining the cyclising effect 
of various reagents. (i) The acetal (1 g.) was refluxed for 2 hr. in acetic acid (3 ml.) containing 
fused zinc chloride (3 g.), allowed to cool, and poured into water, and the crude 4: 5-benzothio 
naphthen (0-27 g., 41°) purified as above. (ii) The acetal! (1 g.) was refluxed in ethanol (6 ml.) 
with powdered fused zinc chloride (4 g.) for 4 hr. The mixture gave 4: 5-benzothionaphthen 
(0-26 g.,39% yield) when poured into dilute hydrochloric acid, (ili) When fused zine chloride 
was used alone at 150-—190° the yields were much lower. (iv) The acetal (5 g.) was heated with 
anhydrous oxalic acid (7-5 g.) at 190° for 30 min., cooled, and extracted with boiling water, to 
give 4: 5-benzothionaphthen (82%). (v) The acetal (1 g.) was heated with phospheric oxide 
(0-33 g.) at 160° for 45 min. Digestion with water yielded 4: 5-benzothionaphthen (0-27 g., 
40%). (vi) Among unsuccessful reagents used were boron trifluoride in ether, concentrated 
sulphuric acid, and toluene-p-sulphonic acid, 

Removal of Sulphur from 4: 5-Benzothionaphthen.—4 : 5-Genzothionaphthen (0-5 g,) did 
not lose sulphur when refluxed with stirring for 5 hr. with Kaney nickel (5 g.) in ethanol (150 m1.) ; 
but when it (0-18 g.) was refluxed in ethylene glycol (25 m1.) for 34 hr. with Raney nickel (2 g.), 
then diluted with water and extracted with chloroform, l-ethylnaphthalene was obtained, 
identified as the picrate, m. p, 96—97°, mixed m. p. 97--08°. ‘The authentic sample of l-ethyl 
naphthalene was prepared by the method of Gilman and Hoyle™ from 1-naphthylmagnesium 
bromide and diethyl sulphate 

To 3: 4-dimethoxyphenylthioacetaldehyde diethyl acetal (2-6 g.) in chloroform (60 ml.) 
was carefully added a solution of stannic chloride (2 g.) in chloroform (20 ml.), After 30 min, 
at room temperature the red solution was poured into water (100 ml.), and crude 5: 6-dimethoxy- 
thionaphthen (0-4 g., 23%) was precipitated, Distillation in the vapour of ethylene glycol or 


** Gilman and Hoyle, J]. Amer. Chem, Soc., 1922, 14, 2623 
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sublimation at 120°/15 mm. gave prisms, m. p. 100—101° (Found ; C, 62-1; H, 5-2. C,.H,,0,5 
requires C, 61-8; H, 62%). The yield was about 13% when reaction was for 10 min. 

Among unsuccessful reagents used were zinc chioride (alone and with glacial acetic acid), 
oxalic acid, stannic chloride, and concentrated sulphuric acid. 

Degradation of 5 : 6-Dimethoxythionaphthen.—5 : 6-Dimethoxynaphthen was desulphurised 
in the same way as 4: 5-benzothionaphthen to a sweet-smelling oil which on oxidation with 
potassium permanganate in aqueous sodium carbonate gave needies, m. p. 178-5-——-179-6°. The 
mixed m, p. with veratric acid (m. p. 181-—182°) was 180-5—181°, 

The method of cyclisation (13% yield) of p-bromophenylthioacetaldehyde dimethyl acetal 
by polyphosphoric acid “ was applied to the corresponding diethyl acetal (9-5 g.) which gave 
5-bromothionaphthen (3-3 g., 49%), m. p. 47°. p-Methoxyphenyl- and o-, m-, and p-tolyl- 
thioacetaldehyde dimethyl acetal, which correspond to the above described four aryithioacet- 
aldehyde diethyl! acetals, have been successfully cyclised by Tilak ' by polyphosphoric acid. 

Preparation of 6: 17-Benzothionaphthen (VY1).—(i) From 2: 3-dihydro-6 : 7-benzothionaphthen 
1: l-diowide (1X). The dioxide (2-8 g.) in a Soxhlet thimble was continuously extracted for 
10 hr. with dry ether (100 ml.) containing lithium aluminium hydride (2-0 g.), excess of which 
was decomposed with ether containing ethanol, and then with dilute hydrochloric acid. The 
dried (CaCl,) ether layer yielded an oil (1-6 g.), distillation of which gave 2: 3-dihydro-6 : 7- 
benzothionaphthen (1-2 g.), b. p. 183-—-186°/18 mm. (Found: C, 77-3; H, 5-6. C,,H 4,5 requires 
C, 77-4; H, 64%). The picrate, m. p. 132—132-6°, formed dark red needles (from alcohol), 
the red alcoholic solution of which became yellow when boiled (Found: N, 9-7. CygH gO,N,5 
requires N, 10-1%). 

A mixture of 2: 3-dihydro-6 : 7-benzothionaphthen (0-50 g.), chloranil (0-8 g.), and xylene 
(15 ml.) was refluxed for 7 hr., and the filtrate diluted with benzene was chromatographed on 
alumina, ‘The first eluate (faint blue fluorescence in ultraviolet light) gave a pale yellow oil 
(043 g.) which with 2; 4: 7-trinitrofluorenone (0-8 g.) in ethanol gave a derivative which 
recrystallised from ethanol in orange-yellow needles, m. p. 198-5° (0-6 g., 51%). This was 
decomposed (in 90% yield) in benzene solution on an alumina column and the first eluate gave 
an oil (0-20 g.; overall yield, 40%) which solidified at room temperature to give crystals, m. p. 
27-28" (6: 7-benzothionaphthen *), 

(ii) vom 1-naphthylthioacetaldehyde acetals. 1-Naphthylthioacetaldehyde dimethyl acetal 
(9-9 g.) was dropped during 15 min, below the surface of a mixture of phosphoric oxide (65 g.) 
and phosphoric acid (66 ml.; d 1-75) at 180°/0-5mm. After a further 10 minutes’ heating the 
mixture was poured into water and steam-distilled, and the ethereal extract, dried after washing 
with aqueous sodium hydroxide, gave 2-6 g. (35%) of a pale yellow oil which crystallised and 
had m. p. 13-——19°. Its picrate, brown-yellow needles, had the m. p. (143-—-144°) recorded * 
for the picrate of 6 : 7-benzothionaphthen synthesised in a different way. 

The cyclisation product (0-17 g.) was mixed with a boiling solution of 2: 4: 7-trinitro- 
fluorenone (0-40 g.) in ethanol (100 ml.), The 6 ; 7-benzothionaphthen-2 : 4: 7-trinitrofluorenone 
derivative, which was formed on cooling, recrystallised in orange-yellow needles (0-40 g., 87%), 
rm. p. 198—198-5° (Found: C, 60-4; H, 2-7. C,,H,S,C,,H,O,N, requires C, 60-0; H, 2-6%) 
This compound (0-34 g.) in benzene was decomposed on an alumina column to give an almost 
colourless oil (0-12 g.) which after crystallisation had m. p. 25—-27°, not depressed on admixture 
with the above 6: 7-benzothionaphthen, m. p, 27-—28°. 

6: 7-Bensothionaphthen 1; 1-Dioxide.—A mixture of the above 6: 7-benzothionaphthen 
(0-90 g.), glacial acetic acid (11 ml.), and hydrogen peroxide (3-2 ml.; 100-vol.) was heated on 
the water-bath for 4 hr., and the cold solution poured into water (100 ml.). The precipitate, 
formed overnight, crystallised from methanol in pale yellow plates (0-24 g., 23%), m. p 
179—-180° (Found: C, 66-8; H, 3-8. Calc. for C,,H,O,S: C, 66-7; H,3-7%). It was identical 
(mixed m. p.) with the 6; 7-benzothionaphthen sulphone (X) ultimately derived from 2-bromo 
naphthalene.“ The yellow colour of both specimens could not be removed by crystallisation. 

1-Naphthylthioacetaldehyde diethyl acetal, cyclised under the above conditions, gave a 
20%, yield of 6: 7-benzothionaphthen, of which the picrate and 2: 4: 7-trinitrofluorenone 
derivative were identical with the above, 


The authors thank the Dunlop Rubber Company of Australia Ltd. for a scholarship (to 
J. L. B.), and N, W. Gamble for assistance. The microanalyses were carried out by Dr. W. 
Zimmermann and his staff, 
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514. Polymerisation of Thiophen Derivatives. Part V.* The Self- 
condensation of 4: 5- and 6: 7-Benzothionaphthen 1: 1-Dioxides. A 
New Route to 1-1'- and 4-2'-Naphthylphenanthrene. 


By W. Davies and Q. N. Porter. 


The condensations mentioned in the title give 10 : 11-dihydro-9-thia-5 : 6- 
benzonaphtho(I’ : 2’-3 ; 4)- (IX) and -7 : 8-benzonaphtho(2’ : 1’-3 ; 4)-fluorene 
9: 9-dioxide (XII), respectively. These products, with alkali, give the 
corresponding naphthylphenanthrenes. 


Part IV of this series ! described the self-condensation of the sulphones from thionaphthen 
and its 3- and 5-bromo- and 3-chloro-derivatives, to give tetracyclic monosulphones, 
usually derivatives of 9-thia-3 : 4-benzofluorene. The present work describes an extension 
of the process, namely, the production of hexacyclic structures by self-condensation of the 
tricyclic sulphones, 4 : 5- (I) and 6 : 7-benzothionaphthen | : 1-dioxide (XI). 

Preparation of the initial sulphone (I) presents difficulties. Though thionaphthen and 
many of its simple derivatives are converted into their sulphones by hydrogen peroxide in 
acetic acid, this and other oxidising agents degrade 4: 5-benzothionaphthen (which is 
readily prepared by cyclisation of 2-naphthylthioacetaldehyde acetals). Presumably the 
6: 7-double bond in 4:5-benzothionaphthen is very readily oxidised. Accordingly 
indirect methods of preparing the sulphone ave been sought. Since butadiene and 
sulphur dioxide readily give a dihydrothiophen dioxicde,? and l-vinylnaphthalene readily 
combines with maleic anhydride,’ it was expected thet sulphur dioxide and I-viny! 
naphthalene could form a dihydro-4 : 5-benzothionaphtiie: | : L-ioxide, dehydrogenation 
of which would give the desired sulphone (I). However, despite the use of a polymerisation 
inhibitor, the sulphur-containing product is polymeric and amorphous, 

Another approach, starting from tetralin, 1s the synth¢sis ot the tetrahydro-sulphide 
(III), in which the sensitivity of the 6 : 7-bond to oxidation shouid be small and therefore 
permit the oxidative conversion of the sulphide (III) into the tetrahydro-sulphone (IV), 
dehydrogenation of which should yield the desired sulphone (1). Indeed, the acetal (V) is 
cyclised in good yield and the product has the correct empirical formula, but it is a mixture, 
presumably of the desired sulphide (III) and its linear isomer, the unknown tetrahydrothio 
phanthrene. This mixture, and also that of the derived sulphones, is difficult to separate, 
and the process has therefore been relinquished in favour of a synthesis, which though 
circuitous and containing an ambiguous step, is very successful. 

2-1’-Naphthylethanol (VI) was converted into the bromide and thence by sodium 
sulphite and phosphorus pentachloride into the sulphonyl chloride (VII). Cyclisation of 
this with aluminium chloride in nitrobenzene yields the 2: 3-dihydro-derivative (VIII), 
which is dehydrogenated with N-bromosuccinimide to the required sulphone (1), That 
cyclisation has occurred in the 2- and not the feri-position is shown by reduction of the 
sulphone (VIII) with lithium aluminium hydride, followed by dehydrogenation with 
chloranil, to give 4: 5-benzothionaphthen (II), A different proof of the structure of the 
dihydro-compound (VIIT) has been given by Truce and Toren * who synthesised it in the 
same way and whose paper appeared after the above work was complete.* The only poor 
yields in this synthesis are in the cyclisation (43°) and the dehydrogenation (47°, ; about 
80°, if allowance is made for recovered starting material). 

4: 5-Benzothionaphthen 1 : 1-dioxide in solution in boiling xylene gives a 75%, yield of 
10 : 11-dihydro-9-thia-5 ; 6-benzonaphtho(I’ : 2’-3 : 4)fluorene 9: 9-dioxide (IX) which is 
converted by potassium hydroxide in diethylene glycol into 1-1'-naphthylphenanthrene 


* Part IV, J., 1955, 1565 

1 Davies, James, Middleton, and Porter, J., 1955, 1565 

* Backer and Dlaas, Rec. Trav. chim., 1942, 61, 789 

* Organic Reactions,”” Wiley, New York, 1954, Vol. LV, p. 34 
* Truce and Toren, /. Amer. Chem. Soc., 1954, 76, 605 

* Porter, Thesis, Melbourne, Feb., 1954. 
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(X). For comparison, a specimen of this naphthylphenanthrene has been made by inter- 


action of I-naphthylmagnesium bromide with 1 ; 2: 3 : 4-tetrahydro-l-oxophenanthrene, 
followed by dehydration and dehydrogenation with sulphur.* 1-1’-Naphthylphenanthrene 


CH(OEt)) 


CH, 
ta 


[CH,] OH 


\H (XH) 


has also been prepared by Bachmann and Deno ? by dehydrogenation of dimerised 1-viny] 
naphthalene, and by Campbell * by decarboxylation of dimerised $-1-naphthylpropiolic 
acid 


[he preparation of the other tricyclic sulphone required, 6 : 7-benzothionaphthen 1 : 1 
dioxide (XI), has also been indirect. Though the corresponding sulphide, 6: 7-benzo- 
thionaphthen, has been isolated from ccal tar,’ and prepared from the corresponding thio- 
indoxyl,!” and also been synthesised in an indirect manner," none of these processes i 


* Cf. Haworth, J., 1932, 1120 
Bachmann and Deno, /. Amer. Chem. Soc., 1949, 71, 3062 
Campbell, J., 1954, 3659 
* Kreuber and Raeithel, Ber., 1953, 86, 366 
* Carruther ]., 1953, 4186 
rmuszkovicz and Modest, /. Amer Chem. Soc., 1950, 72, 571 
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convenient on a moderately large scale. Direct synthesis from l-naphthylthioacetaldehyde 
diethyl acetal seemed inapplicable in view of the evidence ™ that cyclisation took place in 
the peri-position, though this result has since * been shown to be incorrect. Moreover, it 
seemed likely that 6: 7-benzothionaphthen would, like its isomer (II), resist oxidation to 
its sulphone, which has not been described. Accordingly, (5-tetralylthio)acetic acid was 
made so that cyclisation, reduction, oxidation to the sulphone, and dehydrogenation would 
yield the sulphone (XI). However, this route was abandoned and a synthesis analogous 
to that of the isomeric sulphone (I), starting from 2-bromonaphthalene, was found to give 

7-benzothionaphthen 1 ; 1-dioxide. One noteworthy fact is that sodium 2-2’-naphthyl- 
ethanesulphonate has, for a sodium salt, the very low solubility in boiling water of 
about 3%. 

A rather higher temperature (about 175°) is required for the self-condensation of the 
sulphone (XI) than for its isomer (I) but the yield is excellent (84%). 10: 11-Di- 
hydro-9-thia-7 : 8-benzonaphtho(2’ : 1’-3 : 4)fluorene 9 : 9-dioxide (XII), with alkali, affords 
4-2’-naphthylphenanthrene (XITI), identical with a specimen, kindly supplied by Dr. A. D. 

Campbell,* who prepared it from $-2-naphthylpropiolic acid. This identification shows 
that cyclisation of 2-2’-naphthylethanesulphony! chloride formed the sulphone (XI) and 
not the (unlikely) linear isomer. 

Though naphthyl-phenanthrenes have recently been synthesised by methods other than 
those now described, it is seen that the present work may be useful for the synthesis of 
large aromatic molecules [cf. Campbell's syntheses * of 2 : 3-benzoperylene and naphtho- 
2’: 3’-L: 2)pyrene}. Its utility depends on the accessibility of the thionaphthen dioxides, 
and this varies for different compounds, It should be stated that a much more direct 
synthesis of 6: 7-benzothionaphthen 1: l-dioxide (XI) than the present is described 
elsewhere. !4 

The direct dehydrogenation of 2 : 3-dihydro-sulphones by N-bromosuccinimide has not 
been recorded previously; it is of value with 2; 3-dihydrothionaphthen sulphone and its 
derivatives. The conditions, including the use of benzoyl peroxide, are essentially those 
used by Karrer and Schmid “ in the bromination of toluene. In this way the dioxides of 
thionaphthen and 4: 5- and 6: 7-benzothionaphthen have been prepared from the corre- 
sponding 2: 3-dihydro-derivatives. The last-named gives a by-product, 3-bromo-6 : 7 
benzethionaphthen 1: l-dioxide, which with one mol. of piperidine readily forms the 
3-piperidino-dioxide, Had the bromine been in the 2-position addition of piperidine would 
be expected and excess of piperidine would be required to eliminate hydrogen bromide, as 
in the simpler case of 3-bromothionaphthen 1 : l-dioxide.’® 2: 3-Dihydro-4 : 5-benzothio- 
naphthen 1: 1l-dioxide (VIII) also forms a by-product, 2-bromo-2 : 3-dihydro-4 : 5-benzo- 
thionaphthen 1 : 1-dioxide, a substance containing positive bromine, readily reconvertible 
into the parent compound (VIII), and showing properties which may throw light on the 
mechanism of dehydrogenation by N-bromosuccinimide 


EXPERIMENTAL 

Synthesis of 4: 5-Benzothionaphthen 1 : 1-Dioxide (1).--2-1’-Naphthylethanesulphonyl chloride 
(VII). 2-1’-Naphthylethanol (VI), b. p. 130—-132/0-2 mm., made from l-naphthylmagnesium 
bromide and ethylene oxide,“ with phosphorus tribromide ” gave 2-1’-naphthylethyl bromide, 
rhis (98 g.) was refluxed and stirred for 15 hr. with sodium sulphite heptahydrate (170 g.) in 
water (700 ml.). After cooling, the yield of (dried) sodium 2-1’-naphthylethanesulphonate was 
81 g. (76%) Of this, 80 g. were mixed with phosphorus pentachloride (66 g.), kept at room 
temperature for 30 min., thes heated on the steam-bath for 30 min. An ethereal extract of the 
product precipitated by ice-water yielded 2-1’-naphthylethanesulphonyl chloride (48 g., 60%), 
prisms (from ether—light petroleum), m. p. 48—48-5° (Found: C, 56-6; H, 43. Calc. for 
Cy,H,,0,CIS: C, 56-8; H, 45%). Truce and Toren * give m. p. 48-—-49°, and m. p, 171 173° 

% Dikshit and Tilak, Proc. Indian Acad. Sci., 1951, 33, A, 78 
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for the corresponding amide, needles (from aqueous alcohol), m. p. 172-6—-173° (Found: C, 
61-4; H, 6&7, Cale, for CygHyO,NS: C, 61-3; H, 56%). The anilide formed needles (from 
aqueous alcohol), m. p. 133-5—134° (Found: N, 4-35. C,,H,,O,NS requires N, 4-5%). 

2: 3-Dihydro-4 : 5-benzothionaphthen 1: 1-dioxide (VIII). The above sulphonyl chloride 
(40 g.) in nitrobenzene (75 ml.) was added to a cold solution of powdered aluminium chloride 
(24 g.) in nitrobenzene (200 ml.), and the mixture kept at room temperature for 1 hr, and then 
at 70° for 2 hr. The complex was decomposed with dilute hydrochloric acid, and the nitro- 
benzene was removed by steam. The aqueous filtrate deposited 2: 3-dihydro-4 : 5-benzothio- 
naphthen 1: 1-dioxide (3-7 g.), needles, m. p. 178—178-5° (lit.,4 m. p. 177—-178°) (Found: C, 
66:5; H, 476, Cale, for C,,H,,0,5: C, 66-1; H, 46%). The residue was extracted with hot 
benzene (3 » 300 ml.), the concentrated extracts were clarified with carbon and diluted with 
light petroleum (b. p. 60—100°), and the precipitate crystallised from methanol, to give pure 
sulphone (14-8 g., 43%). 

4: 5-Benzothionaphthen 1 ; \-dioxide (1). The preceding dioxide (6-0 g.) was refluxed with 
N-bromosuccinimide (4-8 g.) and benzoyl peroxide (0-1 g.) in dry carbon tetrachloride (150 ml.) 
for % hr., the solvent removed, and the residue dissolved in hot benzene. Succinimide separated, 
the benzene filtrate was chromatographed on alumina, and the eluate from the first band (pale 
yellow with a light green fluorescence in ultraviolet light) gave 4: 5-benzothionaphthen 1 : 1-di 
oxide, pale yellow needles (2-7 g.) (Found: C, 66-5; H, 3-65. C,,H,O,S requires C, 66-7; H, 
37%). It melts, with the evolution of sulphur dioxide, at 136-—137° or 141—142°, according 
to the rate of heating, then resolidifies to form the crude sulphone (IX) which melts to a black 
liquid at about 222° (see below). 

[he precipitated crude succinimide (2-8 g.) was extracted with dilute sodium hydroxide 
solution, and the alcoholic solution of the residue gave 2-bromo-2 : 3-dihydro-4 : 5-benzothio- 
naphthern 1: \-dioxide (0-9 g.), needles, m. p. 220° (decomp.) (Found; C, 48-4; H, 3-4; Br, 27-0 
C,,H,O,Brs requires C, 48-5; H, 3-0; Br, 27-0%). This was unaffected by refluxing pyridine 
or triethylamine-benzene, but with a hot solution of sodium iodide in acetone it rapidly gave 
iodine and 2: 3-dihydro-4 : 5-benzothionaphthen 1 : 1-dioxide, and the last compound was also 
formed by debromination by boiling tetralin. Hot alcoholic potassium hydroxide converted 
the bromine compound in low yield into 2 : 3-dihydvo-3- or -2-hydroxy-4 : 5-benzothionaphthen 
1: l-dioside, needles, m, p. 182-5-—-183° (Found: C, 62-05; H, 4-5. Cy,H,,O,5 requires C, 61-8; 
H, 43%). 

Proof of structure, 2; 3-Dihydro-4: 5-benzothionaphthen 1: l-dioxide (0-5 g.) in ether 
(20 ml.) was refluxed with lithium aluminium hydride (0-3 g.) for 6 hr., and after interaction 
with dilute hydrochloric acid the ether layer yielded 2: 3-dihydro-4 : 5-benzothionaphthen 
(0-3 g.), plates (from aqueous alcohol), m, p. 86-5——-87° (Truce and Toren report m. p. 88—-89°) 
(Found: C, 77-5; H, 65. Cale, for C,,H,,S: C, 77-4; H, 64%). This (0-2 g.) was refluxed 
with chloranil (0-3 g.) in sulphur-free xylene (5 ml.) for 6 hr., and the cooled solution filtered, 
diluted with benzene (15 ml.), and chromatographed on alumina. The first band was colour 
less but with a blue fluorescence in ultraviolet light, and gave 4 : 5-benzothionaphthen identical 
with the cyclisation product of 2-naphthylthioacetaldehyde diethy! acetal.” 

Self-condensation of 4: 5-Benzothionaphthen 1: 1-Dioxide (1).--The sulphone (2-5 g.) was 
refluxed in xylene (50 ml.) until evolution of sulphur dioxide ceased (4 hr.), the solvent was 
removed under reduced pressure, and the residue crystallised from benzene in prisms (1-6 g., 
75%) of 10: 11-dihydro-9-thia-5 ; 6-benzonaphtho(\’ : 2’-3 : 4)fluorene 9 : 9-dioxide (IX), m. p. 226° 
(Found: ©, 781; H, 48; S$, 8-7. C,,H,,0,5 requires C, 78-3; H, 4°35; S, 87%). 

1-1’-Naphthylphenanthrene.—-The dioxide (IX) (0-1 g.) was refluxed for 10 min, in diethylene 
glycol (0-5 ml.) containing potassium hydroxide (0-5 g.). The mixture was diluted with wate: 
(50 ml.); the oil from the ethereal extract solidified when triturated with alcohol, giving a good 
yield of 1-1’-naphthylphenanthrene, plates, m. p, 115—116°, identical (mixed m. p.) with a 
specimen made as follows: (-1’-Naphthoylpropionic acid, prepared from naphthalene, succinic 
anhydride, and aluminium chloride and readily separated from the isomeric acid,“ was reduced 
in good yield to y-1-naphthylbutyric acid by a modification ” of the Clemmensen method. This 
acid was cyclised in 75% sulphuric acid * to 1: 2: 3; 4-tetrahydro-1-oxophenanthrene, of which 
4:0 g. in ether (35 ml.) was added to l-naphthylmagnesium bromide made from 1-bromo 
naphthalene (4-3 g.) and magnesium (0-6 g.) in ether (10 ml). The mixture was diluted with 
benzene (10 ml.) and refluxed for 4 hr. The organic layer formed on acidification with dilute 
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hydrochloric acid gave the oily tertiary alcohol which was dehydrated by anhydrous formic acid 
at 100° during 1 hr. Naphthalene (about 0-5 g.) was removed by steam-distillation of the 
solution diluted with water, and the benzene solution of the residual oil was dried (MgSQ,). 
Removal! of the benzene gave an oil which solidified when triturated with light petroleum and 
then crystallised from ethanol in needles (2-1 g.) of 3: 4-dihydro-1-1’-naphthylphenanthrene, m. p. 
124—125° (Found: C, 94-0; H, 6-1. C,,H,, requires C, 94-1; H, 50%). This (1-0 g.) was 
heated with sulphur (0-9 g.) at 260° for 1 hr., and the benzene solution of the residue chrom 
atographed on alumina. From the colourless band which had a blue fluorescence in ultraviolet 
light, prisms, m. p. 116° (from ethanol), of 1-1’-naphthylphenanthrene were obtained (Found : 
C, 94:5; H, 5-1. Cale, for CyHy,: C, 94:7; H, 63%). Its reported m. p.* is 118°, 

Synthesis of 6: '1-Benzothionaphthen 1 : 1-Dioxide (X1).2-2’-Naphthylethanol, m. p, 66-—- 
67°, b. p. 128-—130°/0-2 mm., was prepared in 64%, yield, and converted into the corresponding 
bromide, m. p. 55—-56°, b. p. 116—118°/0-2 mm., as described for the l-isomer, The bromide 
(18-5 g.) was refluxed with sodium sulphite heptahydrate (30 g.) in water (100 ml.) for 12 hr, 
Some sodium 2-2'-naphthylethanesulphonate separated in pilates from the boiling solution and on 
cooling a total of 12-3 g. was obtained (Found: C, 56-05; H, 44. C,,H,,O,SNa requires C, 
55-8; H, 43%). The dried salt (8-0 g.) was heated for 14 hr. on the water-bath with phosphorus 
pentachloride (6-6 g.) and phosphorus oxychloride (3-0 g.). 2-2’-Naphthylethanesulphonyl 
chloride obtained by treatment with crushed ice, crystallised from benzene-light petroleum in 
prisms (5-8 g.) m. p. 66—66-5° (Found: C, 56-6; H, 48. (C,,H,,O,CIS requires C, 56-8; H, 
45%). The amide, needles (from aqueous alcohol), had m, p. 200-——200-56° (Found; N, 5-6, 
CygH,,0,NS requires N, 59%). 

2: 3-Dihydro-6 : T-benzothionaphthen 1: 1-dioxide. The above sulphonyl chloride (5-0 g.) 
in dry nitrobenzene was cyclised in the same way as the isomer, and the filtrate and residue gave 
2: 3-dihydro-6 : 7-benzothionaphthen 1: 1-dioxide, needles (2-9 g.) (from methanol), m. p, 187-5 
188° (Found : C, 65-8; H, 44. C,,H,,0,S requires C, 66-1; H, 46%). 

Dehydrogenation. This dioxide (5-7 g.) was refluxed for 12 hr. with N-bromosuccinimide 
(5-0 g.) and benzoy! peroxide (50 mg.) in dry carbon tetrachloride (250 ml.), the solvent removed, 
and the residue dissolved in hot benzene. The succinimide which separated on cooling was 
discarded and the filtrate chromatographed on alumina. The bands were visible in ultraviolet 
light. The products of the least firmly adsorbed band are discussed below. ‘The third band 
gave unchanged 2: 3-dihydro-6 ; 7-benzothionaphthen 1 ; I-dioxide (1-9 g.), and the second 
band 6 : 7-benzothionaphthen 1 : 1-dioxide (X1) (3-0 g.), yellow plates (from methanol), m. p. 181 
182° (decomp.) to 194--195° (decomp.) according to the rate of heating (found; C, 66-3; H, 
3-7. C,,H,O,S requires C, 66-7; H, 3-7%). 

The first band gave pale yellow needles (0-3 g.) (from ethanol) of 3-bromo-6 : 7-benzothio 
naphthen 1: \-dioxide, m. p. 244-5—245° (Fourid: C, 48-8; H, 26; S, 10-8. C,,H,O,BrS 
requires C, 48:8; H, 2-4; S, 10-85%). This gives no iodine with sodium iodide in acetone but 
the bromine is replaced when one mol. of piperidine is used as follows: The dioxide (0-07 g.) and 
piperidine (0-02 g.) were refluxed in alcohol for 45 min. ‘The cooled solution was diluted with 
water, and the precipitated 3-1’-piperidino-6 : 7-benzothionaphthen | : | dioxide crystallised from 
benzene-light petroleum in prisms, m. p. 171-5—172° (Found: C, 68-5; H, 56. C,,H,,O,NS 
requires C, 68-2; H, 5-7%). 

Self-condensation of 6: 7-Benzothionaphthen 1: 1-Dioxide (XI).--This dioxide (2-7 g.) was 
refluxed in technical o-dichlorobenzene (27 ml.) until the evolution of sulphur dioxide ceased 
(5 hr.). The solvent was removed under reduced pressure, and the residue crystallised from 
methanol in prisms (1-9 g., 84%) of 10: 11-dihydro-9-thia-7 : 8-benzonaphtho(2’ : 1-3; 4) 
fluorene 9; 9-dioxide (XII), m. p. 166—167° (Found: C, 78-6; H, 45; S, 89. C,,H,,O,5 
requires C, 78:3; H, 4:35; S, 87%). When it (0-1 g.) was heated with potassium hydroxide in 
diethylene glycol, it gave needles of 4-2’-naphthylphenanthrene, m. p. 105—-106° alone or mixed 
with a specimen kindly supplied by Dr. A, D. Campbell." 

Synthesis of Tetrahydrobenzothionaphthen.-Tetralin-6-sulphony! chloride, m, p, 57-—68°, 
was prepared as described by Schroeter. Reduction with zinc dust and sulphuric acid ® gave 
68% of 6-mercaptotetralin, b. p. 161—-162°/35 mm. The thiol (25 g.) was added to the still 
reacting mixture of ethanol (200 ml.) and sodium (7-5 g.). Chiloroacetal (37-5 ml.) and sodium 
bromide (2-5 g.) were added and the mixture was refluxed for 6 hr. The mixture was extracted 
with sodium hydroxide solution (2%; 150 ml.) and with ether. Evaporation of the ether and 
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distillation gave 6-letralylthioacetaldehyde diethyl acetal (26-5 g.), b. p. 160-—161°/0-5 mm, (Found : 
S, Ill. CygH,,0,5 requires S, 11-5%,). This acetal (25 g.) was added slowly below the surface 
of a mixture of phosphoric acid (d 1-75; 90 ml.) and phosphoric oxide (150 g.) at 160°/0-2 mm. 
A vigorous reaction occurred and a yellow oil distilled. Redistillation gave a mixture of tetra- 
hydrobenzothionaphthens (9-8 g.), b. p. 119-—121°/0-3 mm. (Found: C, 77:1; H, 60; S, 17-0. 
Cale, for C,,H,,5: C, 76-6; H, 6-4; S, 17-0%). 

Oxidation was attempted under a number of conditions, with hydrogen peroxide in glacial 
acetic acid, but in no case gave appreciable amounts of crystals. 

Synthesis of (5- and 6-Tetralylthio)jacetic Acid.—Tetralin (50 g.) was added dropwise to stirred 
chlorosulphonic acid, at < --5°, Then the mixture was stirred at —5° for 1 hr. and allowed to 
come to room temperature, The oily sulphonyl chlorides, precipitated by crushed ice, were 
extracted with carbon tetrachloride. Evaporation of the dried (MgSO,) extract gave a mixture 
of tetralin-5- and -6-sulphonyl chloride (68 g.), The mixture was reduced as described for the 
6-isomer, giving a mixture (69°/,) of the corresponding thiols, b. p. 161--164°/33 mm. 

This mixture (20 g.) was added to a solution of chloroacetic acid (14-5 g.) and sodium 
hydroxide (12 g.) in water (250 ml). The solution was heated on the water-bath for 1 hr., 
cooled, and acidified. The precipitated acids were crystallised from aqueous alcohol (yield, 
26-0 g., 93%) 

The mixed acids (20 g.) were dissolved in a 5% potassium hydroxide solution (80 ml.), and 
40%, potassium hydroxide solution (40 ml.) was added, The acidified precipitate gave (6-tetralyl- 
thio)acetic acid, needles (from aqueous alcohol), m. p. 78-5—79° (9-2 g.), and the filtrate on 
acidification gave (6-tetralylthio)acetic acid, needles (from aqueous alcohol), m. p. 133-—-134° 
(9-0g.). Schroeter reports m. p. 79-——80° and 133—135° respectively. The separation by means 
of the ammonium salts as used by Schroeter is unsatisfactory, 
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515. The Interaction of Aluminium Bromide with Olefins and 
with Benzene. 


By Frep FAIRBROTHER and KENNETH FIELD. 


Vapour-pressure measurements have been made of solutions of aluminium 
bromide in cis/trans-pent-2-ene and in pure cis-pent-2-ene. These indicate 
that in concentrated solution the solute is present as a weakly solvated dimer, 
Al, Br,, which undergoes partial dissociation on dilution, No solid complex 
is formed at 0°, the phase separating from concentrated solution being 
crystalline Al,Br,. In contrast, aluminium bromide separates from benzene 
solution as Al, Br,,2C,H, which has a different type of crystal lattice. 

Ultraviolet absorption measurements of aluminium bromide in benzene 
show an absorption below about 2800 A which does not obey Beer's law 
and of which only the absorption edge can be observed. Pent-2-ene solutions 
also show an intense absorption in the same region, 


Many studies have been made of the interaction of aluminium bromide with benzene and 
other aromatic hydrocarbons but none hitherto successfully with olefins, at all events 
in the absence of a third component. Considerable interest, however, attaches to this 
question in view of the wide use of olefins in conjunction with aluminium halides in a 
variety of reactions. There are recorded in the literature a number of complexes between 
aluminium halides and olefins, but an examination of these reports shows that in every 
case a third component, usually water or hydrogen halide, was also present. 

It might reasonably be expected that some complex formation might occur between 
aluminium bromide and an olefin, since the first is a Lewis acid and the second a Lewis 
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base. In fact, in some respects olefins appear to be more basic than benzene, ¢.g., in their 
behaviour towards iodine.! On the other hand, Chatt * has produced much experimental 
evidence to show that a stable metal-olefin bond is only to be expected when d-electrons 
from the metal atom also can contribute to the bond formation. 

Several years ago we sought to examine this question by phase studies, but the selection 
of a liquid olefin with a measurable vapour pressure between 0° and room temperature and 
sufficiently stable in the presence of aluminium bromide proved very difficult. Most 
olefins, even when well dried by usual standards, rapidly polymerise in the presence of 
aluminium bromide. It was found, however, that pent-2-ene was reasonably stable, 
especially after several pre-treatments with aluminium bromide, and a number of phase 
studies were carried out in this solvent at about 18°:* these gave no evidence of solid 
complex formation. 

We have now extended this work and obtained solutions of aluminium bromide in 
pent-2-ene which were stable for several. weeks. We have also examined the ultraviolet 
absorption of these solutions and have re-examined that of solutions of aluminium bromide 
in benzene, which was studied by Eley and King * under somewhat different conditions. 


EXPERIMENTAI 

Pent-2-ene.—Commercial pent-2-ene was boiled with sodium wire and fractionated twice 
through a Fenske column; it had b. p. 36--37°/759 mm. This is designated below as 
 pent-2-ene.’’ Infrared absorption showed that it consisted mainly of the cis- and the trans 
isomer in roughly equal amounts, together with traces of other unidentified compounds, in 
the later experiments we were able, through the courtesy of the Polymer Corporation of Canada, 
to use a sample of pure cis-pent-2-ene (95 moles °%, minimum). This also was dried with sodium 
wire and fractionally distilled, then having b. p. 36-5° + 0-1°/747 mm., and is designated below 
as ‘’ cis-pent-2-ene.”’ 

Benzene.—‘' AnalaR"’ benzene was fractionally frozen three times to remove homologues, 
kept for several months over phosphoric oxide, and fractionated; it had b, p. 80-1°/762 mm 

Aluminium Bromide.—This was prepared from the elements, purified by three or four 
vacuum-sublimations, and stored in the usual fragile hook-ended ampoules. X-Ray 
examination of the solid phases was carried out by shaking some of the solid, with the aid of 
small glass balls, into a Pyrex capillary tube sealed on to the apparatus, and photographing it in 
a 19-cm. camera with filtered Cu-K, radiation. 

Vapour-pressure measurements were made, in an all-glass sealed apparatus, of solutions 
of aluminium bromide in pent-2-ene at 0° and — 23° and in pure cis-pent-2-ene at 0°. Typical 
runs in pent-2-ene are shown in Fig. 1. On first condensation of the purified commercial 
pent-2-ene on to the aluminium bromide, heat was evolved and the bromide dissolved to give a 
yellow solution from which about 70%, of the pent-2-ene could be vapourised off; the rest had 
clearly polymerised, On distillation (by condensation in vacuo at — 195°) of the unpolymerised 
pent-2-ene on to a fresh amount of aluminium bromide and warming to 0°, much less poly- 
merisation occurred and the colour was paler, After four such pre-treatments with aluminium 
bromide a colourless solution was obtained which was quite stable. The pure cis-pent-2-ene 
gave a stable colourless solution after only one pre-treatment with aluminium bromide, | This 
suggests that the aluminium bromide removed from the purified commercial pent-2-ene, not 
only residual moisture but also traces of polymerisable impurities. 

Vapour-pressure—composition curves at 0° showed only one ill-defined break at about 5-—6 
moles of pent-2-ene per mole of Al, Br,, where a white solid separated, Chemical analysis and 
X-ray examination of this solid, which had risen to room temperature in the meantime, showed 
that it was crystalline aluminium bromide. The solubility at —23° being much smaller, 
solid phase was present throughout the measurements. At both temperatures the pressure fell 
off with removal of solvent with no evidence of solid complex formation, the only solid phase 
separated being the crystalline dimer Al,Br,, On the other hand, the high solubility of the 
aluminium bromide, and the abnormal depression of vapour pressure in the more concentrated 
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solutions, point to the existence of some kind of weak association between the dimer and the 
olefin in these solutions, In all cases almost the whole of the olefin could be recovered from the 
solutions and proved to be isomerically unchanged, 

Calculations were made of the apparent molecular weight of the solute, from the lowering 
of the vapour pressure, in both pent-2-ene and cis-pent-2-ene solutions. The individual mole 
cular weights showed some degree of scatter about a smooth curve (Fig. 2), approaching a value 
somewhat less than that of the dimer in the more concentrated solutions, falling off to values 
approaching that of the monomer in solutions containing about 10% mole-fraction of Al,Br,. 
rhis again is consistent with a weak solvent-—dimer association and with a dissociation into the 
monomer in dilute solution. 
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\ number of other olefins were examined in the same way, viz., cyclohexene, trimethy] 
ethylene, cyclopentadiene, and diisobutene, but in none of these was it found possible to check 
the polymerisation so completely as in pent-2-ene. Such measurements as were made, however, 
gave no evidence of the formation of a solid complex. 

A small amount of dry hydrogen bromide was condensed into a cooled colourless solution 
in pent-2-ene, On warming to room temperature the solution quickly polymerised to a deep 
yellow viscous oil from which no pent-2-ene could be recovered. 

Ultraviolet Absorption Measurements.—-Eley and King ‘4 examined the ultraviolet absorption 
of benzene solutions of aluminium bromide, following a suggestion by Hildebrand that it might 
be possible to demonstrate the formation of a complex between the two, along the line pursued 
by Benesi and Hildebrand for benzene and iodine.6 These authors found an intense absorption 
peak at 2070 A, which may be ascribed to an iodine~benzene complex. Eley and King reported 
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an absorption band of aluminium bromide in benzene at 2785 A which they attributed to a 
charge-transfer spectrum of a complex, t.¢., for the transition C,H,,Al,Br, —w C,H,*,Al,Br,~. 
Since, about the same time, other authors* reported that olefins and chlorinated olefins gave 
iodine solutions which showed the presence of ultraviolet bands matching those in aromatic 
hydrocarbons, it seemed desirable to examine the ultraviolet absorption of aluminium bromide 
in pent-2-ene, Further, it was decided to repeat Eley and King's measurements under different 
conditions, since the existence of these bands has been called into question by Evans's observ- 
ations’ on the abscrption by diphenyl measured in benzene solution. 

It has been pointed out by several workers that spurious absorption maxima may be observed 


in solution spectra measured with modern photoelectric spectrophotometers having only a single 
monochromator, and whilst attention has been chiefly directed towards such spurious maxima 
at very short wavelengths (<2300 A), probably largely owing to stray radiation, Evans’ has 
pointed out that spurious maxima may also occur at much longer wavelengths, in a region 
where the solvent itself also starts toabsorb. The absorption by solutions of aluminium bromide 
in benzene and in pent-2-ene has therefore been measured in several ways. Evans's advice that, 
when using a solvent which itself absorbs, one should use very thin cells or cilute with a non- 
absorbing solvent, is not applicable in the present instance. ‘The absorption disappears if one 
dilutes the solution with cyclohexane, whilst the construction of very thin all-quartz completely 
sealed cells is difficult and these were not obtainable, All the present measurements were made 
in 5-mm. cells, with the pure solvent in a similar comparison cell 

The solutions were made in the apparatus shown in Fig. 3. In the pre-treatment line A, 
which was also used for the final drying of the solvents used in the vapour-pressure measure 
ments, the purified solvent was condensed in a vacuum at ~—195° on to freshly sublimed 
aluminium bromide in D, allowed to melt, and condensed on to more aluminium bromide in 
the next tube £, and so on to F. The dried solvent was then transferred to line B in which it 
was subjected to four further fractionations in vacuo, and finally to C in which it was condensed 

* Freed and Sancier, J. Amer. Chem, Soc., 1962, 74, 1273; Ketelaar and van de Stolpe, Kec, T vat 
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on to a weighed amount of pure Al, Br, and the solution transferred by tilting the apparatus 
into the 5-mm. quartz cellG, This was joined to the rest of the apparatus by a graded quartz 
Pyrex seal and sealed off after filling 

Che absorption was measured with a Unicam S.P.500 spectrophotometer, a standard Beck- 
man D.U., and a Beckman D.U, spectrophotometer which had been fitted with a photomultiplier, 
increasing its sensitivity by a factor of 100 and enabling much narrower slits to be used. With 
these instruments, evidence was obtained of an absorption band in benzene—aluminium bromide 
solutions at approximately the same, or at slightly shorter wavelengths, as reported by Eley 
and King (Fig. 4). Photographic examination of the spectra, however, with a Spekker photo- 
meter and Hilger medium quartz spectrograph, failed to reveal a maximum in the absorption, 
vhich increased continuously into the region where the benzene begins to absorb. Although, 
however, an apparent maximum absorption between 2750 and 2800 A, indicating the presence 
of an absorption band in this region, may be spurious and due to instrumental errors, there is 
no doubt whatever that the addition of aluminium bromide to benzene gives rise to a new 
chemical species which absorbs strongly in the ultraviolet, This was most simply demonstrated 
by photographing the emission from a 2 kva water-cooled hydrogen lamp, by means of the 
Hilger medium quartz spectrograph, through (a) a solution of aluminium bromide in pure 
cyclohexane, (b) pure benzene, and (c) a solution of aluminium bromide in benzene containing 
0-080 mole per litre, Solution (a) was quite transparent down to about 2250 A, (b) began to 
how appreciable absorption at about 2740 A, whilst (c) began to show absorption just below 
3000 A; by 2800 A, where the benzene alone was showing no absorption, this had become very 
intense, and is clear evidence of the formation of some new complex in these solutions. The 
inability of Eley and King to obtain an initially optically cl-ar solution of aluminium bromide 
in cyclohexane must be attributed to minute traces of water still remaining in the solvent, 
which are difficult to remove except by the present method using aluminium bromide. This 
gave solutions without any trace of cloudiness 

The absence of an observable maximum makes it very diflcult to draw precise quantitative 
conclusions about the relation between the absorption and the concentration of absorbing 
species. Nevertheless, by comparing the absorption of a series of solutions, at, say, 2800 A, 
well on the long-wave side of the benzene absorption, where instrumental errors of the kind 
discussed may be considered to be negligible, it appears that the absorption does not follow 
Beer's law, but that the molar extinction increases upon dilution, roughly linearly with the 
concentration, ‘These results also are consistent with the view that aluminium bromide, weakly 
olvated as the dimer, Al,Br,, in concentrated solution, dissociates to a small extent into the 
momomer AlBr,, upon dilution, The solvation of the dimer is fairly weak and the solvate 
probably does not contribute much to the absorption under discussion: in fact, Brown and 
Wallace * found that molecular weights calculated from the lowering of the vapour pressure in 
benzene solution pointed to the existence of the aluminium bromide, in such solutions, primarily 
as the unsolvated dimer with relatively little tendency towards dissociation into the monomer 

On concentration of benzene solutions, however, the solid phase which separates, and which 
everal workers have shown to have the composition Al,Br,,2C,H, or AlBr,,C,H,, with an 
incongruent m. p. of 37°, is a definite solvate. X-Ray diffraction by this solid showed that it 
has a crystal lattice quite difierent from that of aluminium bromide. It crystallises in large, 
thin, birefringent plates, The extinction is oblique and the crystals are probably triclinic. 
rhe quality of the X-ray photographs left much to be desired : a heavy background scattering 
‘ present, probably caused in part by the concentrated mother-liquor accompanying the 
crystals, and a slight “ spottiness '’ due to lack of control over the crystal size. Nevertheless, 
the following lines could be measured, which confirm that the crystal symmetry is low, and not 
cubic as suggested by Plotnikov and Gratsianskii.2 A number of other lines, weaker and less 


well defined, were also present, 


djn (A . 1vow 1-98 vw 257% 7 3-00 m S07 w 3-178 3-268 
3-35 w 3-465 le “73 4:08 w 6-08 m 6-73 m 


Whether this is a definite compound or a crystalline solvate is still an open question: the 


latter, however, seems the more probable, In either event the aluminium bromide appears 
to be present as the dimer. 

* Brown and Wallace, /. Amer. Chem. Soi 1953, 7§, 62 

* Plotnikov and Gratsianskii, Jewest, Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 1947, 101; Chem. Al 
1039, 83, 2432, 1048, 42, 4480; Eley and King, Trans. Faraday Soc., 1951, 47, 1287; Van Dyke, / 
1mey. Chem. Soc., 1950, 72, 3619 
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Additional evidence that aluminium bromide is present in concentrated solution essentially 
as the dimer, which undergoes dissociation on dilution, is given by recent experiments by 
Dallinga at the Koninklijke/Shell Laboratorium.” In the first place, X-ray diffraction of a 
concentrated solution of aluminium bromide in benzene gave a picture of two distorted 
tetrahedra corresponding to that given by electron-diffraction measurements on the vapour," 
and, secondly, measurements of the dipole moment of aluminium bromide in benzene, in the 
l-cm. range and in very dilute solution under rigorously dry conditions, gave a value of ~5 pb, 
This may be compared with Nespital’s dipole measurements" made at a lower frequency 
(~80 m.). These results, when extrapolated to infinite dilution, also give a value of ~5 pb for 
the moment of aluminium bromide in benzene. In contrast, Nespital obtained a value of 
2-5 p for aluminium iodide in benzene, and Eley and King reported that solubility measurements 
gave no indication of solid complex formation in this system. In confirmation of this different 


Fic, 4. 


i. 


2800 - 
Wavelength (A) 


Moles of Al, Br, per | (1) 0-618, (2) 0-227, (3) 0-136, (4) 0-0449, (5) 0-0439, (6) 06-0383, (7) 0-0221, 
(8) 0-0189, (9) 0-0103, (19) 60-0090. 


behaviour of aluminium iodide, we have also found, during the present work, that the X-ray 
powder photograph of the solid deposited from a benzene solution of aluminium iodide was 
identical with that of crystalline aluminium iodide itself 

A smaller number of ultraviolet absorption measurements were carried out on solutions of 
aluminium bromide in pent-2-ene and in pure cis-pent-2-ene, These gave the same overall 
picture as in benzene, namely, the observation of an absorption “ edge '’ at 4 somewhat shorter 
wavelength than in benzene, at about 2700 A, any maximum absorption being beyond the 
range of the instruments. Photography of the continuous hydrogen spectrum through the 
solutions, however, gave much clearer evidence of complex formation than in the case of benzene, 
since the beginning of the absorption by the solution was much more widely separated from that 
of the solvent. Whereas the pure cis-pent-2-ene showed only the beginning of an absorption 
at about 2400 A, a solution of aluminium bromide containing 0-0171 mole per litre began to 
absorb at wavelengths above 2700 A, and by 2680 A the absor ption was too dense to be measured, 
Examination of the absorption edge by the photoelectric instruments showed that here also 


the absorption did not obey Beer’s law. 


We are indebted to Messrs, Imperial Chemical Industries Limited for the loan of the 
X ray came ra, 
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516. Tropolones. Part IX.* 2: 3-Dihydro-2 : 3-methylene-1 : 4- 
naphthaquinone. 


By G. L. Bucwanan and J. K. SuTHERLAND, 


Synthetic and other evidence is advanced which confirms that the com- 
pound (XVII) named in the title is a dehydrogenation product of benzocyclo- 
heptene-3: 7-dione (XII). A number of related compounds have been 
synthesised and studied 


In Part VIII* of this series, which describes the synthesis of a 4-hydroxy-2 : 3-benzo- 
tropone ¢ (1), it was found that bromination of the dione (XII) and subsequent alkali- 
treatment of the product (XVI) gave an isomeric substance for which the cyclopropane 
structure (XVII) was proposed. This substance was also obtained (Part VIII) from 
4-hydroxy-2 : 3-benzotropone (I1) via its methyl ether and, in view of the novelty of this 
rearrangement, it was desirable to establish the structure of the product firmly. This 
communication describes work which verifies the structure (X VII) 

As previously described, the dehydrobromination product is insoluble in alkali, is 
table to oxidation, and behaves as a diketone. These results have been corroborated by 
the preparation of a dioxime, and the recovery of the product (XVII) unchanged after 
attempted oxidations with alkaline permanganate, nitric acid, and chromium trioxide. In 
contrast, the parent diketone (XII) is readily oxidised to phthalic acid by dilute nitric acid. 

Comparison of the infrared spectrum of the product (XVII) with that of the diketone 
(X11) (both in potassium chloride discs) revealed in the former an extra band (3040 cm."}), 
attributable to the aromatic C~H stretching frequency, or more probably, to a free SCH, 
in a cyclopropane ring.’ It is also consistent with the formula (XVII) that whilst the 
diketone (X11) shows C-H stretching (2040 and 2870 cm.~!) and C—H deformation (1456 and 
1430 cm.') bands typical of SCH, groups in polymethylene chains, the cyclopropane 
derivative does not absorb in these regions. The carbonyl band appears at 1680 cm."}, 
and this agrees with the value found for mesityl eyclopropyl ketone.* cycloPropane deriv- 
atives are also reported ® to absorb near 1000 cm.-!, but although the product (XVII) 
hows absorption at 1000 cm.~' (in Nujol), the usefulness of this band is decreased by the 
presence of a band at 1005 cm.“ (in Nujol) from the diketone (XII). Sorrie and Thomson * 
have already noted this difficulty in a similar pair of compounds (XXV and XXVI) (see 
below). These authors also claim that comparison of the ultraviolet absorption spectra of 
their compounds show in the former a displacement of ca. 50 my in the position of the long- 
wavelength absorption band. They attribute this to conjugation of the eyclopropane ring 
with neighbouring double bonds. In comparing the ultraviolet spectra of our compounds 
(X11) and (XVII) (see Fig. 1) we have found only a trifling displacement (ca. 5 my) of this 
band; the principal difference between the two curves is the suppression of the middle 
peak, but this appears to be characteristic of the cyclopropane series (see Table 1). 

An initial attempt was made to prove the constitution of the product (XVII) by 
treating the bis-§-keto-ester (XI) with one mol. of N-bromosuccinimide and dehydro- 
brominating the product with alkali, This yielded an alkali-insoluble product (X) and the 
expected similarity of this to the earlier product (XVII) is reflected in their ultraviolet 
spectra (see Table 1). It is also consistent with structure (X) that the infrared spectrum 
shows normal ketone and ester C=O bands (1694 and 1748 cm.-'). In the bicyclic com- 
pound (XI) these are moved to 1608 and 1640 cm.-' by hydrogen bonding in the enol form. 
Phe tricyclic compound (X) also shows a band at 3070 cm.-! which is absent in the 
bicyclic analogue (XI), and is probably due to the cyclopropane CH, group. It was 
hoped to hydrolyse this 6-keto-ester (X) under “ ketonic "’ and “ acidic ’’ conditions, to yield 

* Part VIIT, /., 1954, 1060 

t In Part VIII, the 4-hydroxytropone system was termed an tsotropolone 


' Cole, /., 1054, 3807 

* Fusoon and Baumgartner, /. Amer. Chem. Soc., 1948, 70, 3255, 
* Slabery i, 1054, 76, 3604 

* Sorrie and Thomson, /., 1955, 2238 
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Tasce |. 
Derwatives of benzocycloheplene-3 ; 7-dione 
Amas. (log €) 
4: 6-Dimethyl (XX) 220 (4: 254 (3-89) 203 (3-30) 
4: 6-Diethoxycarbonyl-4 ; 6-dimethyl (XV) 23 40) 252 (3-93) 296 (3°31) 
4 : 6-Diethoxycarbonyl (XI) 52 (4 270 (4°37) 308 (4°08) 
Devivatives of 2: 3-dihydro-2 : 3-methylene-1 ; 4- Soho SINE 
2 : 3-Dicarboxylic acid (V) 47 305 (3°35) 
: -Bromo (XXII) . 225 (4-4 BOL (3-38) 
2 :3-Dibromo (VIII) 2: . 303 (3°36) 
2 : 3-Dimethyl (XIX) 222 | 300 (3-28) 
: 3-Diethoxycarbonyl (X) + z 304 (3-39) 


on the one hand the eyclopropane diketone (XVII), and on the other a mixture of phthalic 
acid and a cyclopropanedicarboxylic acid. eee ‘ketonic '’ hydrolysis gave the 
bis-$-keto-acid (V), and our attempts to decarboxylate it led to decomposition or returned 


prea 


acy 


COR 
(x1x) ~ (xx) - (xx }) 7? (xx) ’ (xx) 


the starting material. ‘‘ Acidic’’ hydrolysis gave phthalic acid, but no other product 
could be isolated. 

With the failure of this approach, it was decided to investigate the preparation of the 
product (XVII) by an accredited cyclopropane route. Kohler and Conant * have obtained 
cyclopropane derivatives by the action of sodium iodide in acetone on certain | : 3-dibromo- 
compounds; and when this method was applied to the crude dibromination product from 


* Kohler and Conant, J. Amer. Chem. Soc., 1917, 38, 1404. 
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the diketone (XII), presumably (X.X1), there was smooth formation of the product (XVII). 
The same dibromo-diketone, on treatment with aqueous trimethylamine, afforded a 
bromine-containing product which is formulated as (XXII) on the basis of its ultraviolet 
spectrum (see Table 1), and the inertness of the halogen atom to sodium acetate, sodium 
iodide, and sodium hydroxide (cf. Sorrie and Thomson * whe have noted the same lack of 
reactivity in similar compounds). The unpurified material from tribromination of the 
diketone (XII), assumed to be the tribromo-diketone (VII), reacted similarly with 
trimethylamine to give a dibromo-product (VIII), and here again, the halogen atoms were 
inert and the ultraviolet spectrum was typical of this series (Table 1). It was hoped to 
prepare the monobromo-compound (XXII) from the tribromo-ketone (VII) by the action 
of sodium iodide in acetone, but the product was a mixture and no pure component could 
be isolated. The erude tetrabrominated ketone, presumed to be (1X), yielded the same 
dibromo-product on treatment with either aqueous trimethylamine or sodium iodide in 
acetone The monobromoeyclopropane compound (XXII) afforded only a mono-oxime, 
and in all attempts to prepare an oxime of the dibromo-analogue (VIII) the starting 


material was recovered. 


1 1 

2750 500 350 

Wavelength (rma) : 

wcycloheplene-3 : T-dione (X11 L 1 J Li j 
Dihvdro-2 : 3-methylene -1 1 250 300 350 400 
ne (XVII Wavelength (mp) 


o> aB-Benzotropolone 
4-Hydroxy-2 : 3-benzotropone (11), in acid, 
in alkali 


The effect of aqueous alkali on the tribromo-diketone (VII) deserves special mention, 
lor, although this reagent can effectively replace aqueous trimethylamine in the dehydro 
bromination of the monobromo-ketone (XVI) to the cyclopropane derivative (XVII), it 
hydrolyses and rearranges the tribromo-ketone (VII) to 2-hydroxy-1 : 4-naphthaquinone 
(IV). In considering the mechanism of this transformation, the most plausible inter 
mediate seemed to be the dibromo-4-hydroxybenzotropone (II1) 


In order to test this, the 4-hydroxybenzotropone (II) was brominated and gave a dibromo- 
derivative which is assigned the structure (III). That the halogen atoms are in the 
7-membered ring 1s shown by its oxidation to phthalic acid, whilst its ultraviolet spectrum 


(see Table 2) agrees with its formulation as a 4-hydroxytropone [he onentation of the 
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bromMe atoms adjacent to the oxygenated carbons seems most probable in the light of 
Nozoe’s work on 4-hydroxytropone.® On treatment with hot aqueous alkali or, preferably, 
with solid potassium hydroxide at 110° the dibromo-compound gave 2-hydroxy-l : 4- 
naphthaquinone (IV). This supports not only the above mechanism, but also the orient- 
ation of the bromine atoms. Ring contraction of tropolones or 2-halogenotropones induced 
by alkali normally gives aromatic carboxylic acids,’ and the ring contractions of hydr- 
oxylated tropolones are usually difficult, or even impossible to achieve; * it is therefore 
noteworthy that the above rearrangement takes the course it does, and that it proceeds 
under very mild conditions. 
TABLE 2. 
Amex, (log €) 

Derivative of 4-hydroxy-2 : 3-benzotropone 

5: 7-Dibromo (III) iebeveoni 236 (4°32) 266 (4°18) 

330 (3-86 390 (3-76) 
5; 7-Diethoxycarbonyl (I) Te ee 336 (4:11) 


cycloPropane derivatives are also obtained by the addition of diazomethane to double 
bonds, but, when diazomethane is added to naphthaquinone, the product is known to 
enolise and then be oxidised to the diazole (XXIV) which cannot be pyrolysed to a eyelo- 
propane derivative.* Since this enolisation would be impossible in 2 : 3-dimethylnaphtha- 
quinone (XIV), this substance was allowed to react with an excess of diazomethane, and 
the oily product was pyrolysed. This afforded a product which resisted oxidation with 
alkaline permanganate, showed the characteristic ultraviolet spectrum of the diketo- 
cyclopropane derivatives (see Table 1), and is accordingly formulated as (XIX). Like the 
dibromo-compound (VIII), it failed to give an oxime but, surprisingly, it yielded a mono- 
2: 4-dinitrophenylhydrazone. The same compound was obtained from the §-keto-ester 
(XI) by dimethylation, hydrolysis of the product (XV) to 4: 6-dimethylbenzocycloheptene- 
3: 7-dione (XX), and cyclisation by the bromine-sodium iodide route described above. 
The product was not obtained pure but its 2: 4-dinitrophenylhydrazone was shown to 
be identical with that derived from the compound (XIX) by a mixed m. p. determination 
and by comparison of the infrared spectra. The synthesis of this substance from both 6- 
and 7-membered-ring precursors firmly establishes its structure, and serves also to confirm 
the other cyclopropane-diketone formula discussed above. 

Although the issue was thus beyond doubt, it was still of interest to find an alternative 
route to the parent compound (XVII) of the cyclopropane series, and this was achieved from 
allylbenzene. Allylbenzene was prepared by lredereck’s method, when another 
method #4 failed. With diazoacetic ester it gave a mixture of esters (XXIII; R = Et) 
which was hydrolysed to a mixture of acids (XXIII; R =H). Neither of these mixtures 
was analysed, but the latter gave two anilides of m. p. 99-—-100° and 124-—126°. When 
the mixture of acids was cyclised under Friedel-Crafts conditions, it yielded a ketone 
(XVIII), and a residual acid, which was characterised as its anilide, m. p. 124—126° ; this 
derivative was identical with the higher-melting isomer described above, and no trace of 
the lower-melting anilide was found. It can be seen from molecular models that only in 
the cis-acid is the carboxyl group close enough to the aromatic ring to allow cyclisation ; 
thus it follows that the higher-melting anilide has the trvans-configuration, and the lower 
melting anilide is its cts-isomer. Oxidation of the monoketone (XVIII) with chromium 
trioxide gave the diketone (XVII), identical in m. p., mixed m., p., and infrared spectrum 
with samples previously obtained, 

With a number of eyclopropane derivatives now available, their degradation was studied 
for comparison with the recent work of Sorrie and Thomson.‘ These authors demonstrated 
the tricyclic structure of their product (XXV) by reduction to the 7-membered diketone 


* Nozoe, Mukai, Ikegami, and Toda, Chem. and Ind., 1955, 66 

’ Pauson, Chem. Rev., 1955, 6, 75. 

* Idem, tbid., p. 85. 

* Fieser and Peters, /. Amer. Chem. Soc., 1931, 53, 4080 

'* Weygand, ‘ Organic Preparations,” Interscience, New York, 1945, p 356 

't Hershberg, Helv. Chim. Acta, 1934, 17, 351; mentioned in Org. Synth., 91, 86 
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(XX VI), and by ring opening under acid conditions to the naphthazarins (XXVIII; ® = Cl 
or Br). In contrast, reduction of our compound (XVII) by zinc dust in acetic acid, or 
catalytically, gave the ketol (XIII) (OH band 3410 cm.-!; C=O band 1670 cm. ), which 
afforded a mono-2 ; 4-dinitrophenylhydrazone and could be oxidised to the corresponding 
diketone (XII) or obtained from it by reduction. Its formulation as (XIII) rather than 
the dimeric pinacol is based on a molecular-weight determination. The same ketol was 


Cc HA 


H 
(xxy, (anv (xvi) 


obtained from the monobromo- (XXII) and dibromo-cyclopropane diketone (VIII) by 
chemical reduction, but similar reduction of the dimethy] (XIX) and the diethoxycarbony! 
compound (X) yielded the corresponding diketones (XX) and (X1) respectively. 

The preparation of the 4-hydroxytropone (Il) has already been described ™ via the 
bis-enol acetate of (XII). The preparation of this enol acetate is tedious, and it has been 
found more convenient to use the 6-keto-ester (XI), which is readily converted into its 
enol acetate (VI) (C=O bands 1710 and 1774 cm.~"), and bromination of this product 
followed by treatment with alkali and then acid gave the diethoxycarbonyl-4-hydroxy- 
tropone (1). When the bromination product was hydrolysed more vigorously with alkali 
and acidified, carbon dioxide was evolved, and the product was the parent substance (11). 

rhe ultraviolet absorption spectrum of 4-hydroxy-2 ; 3-benzotropone (II) has been 
redetermined under acidic and basic conditions (see Fig. 2) and clearly indicates that the 
curve previously published was in fact that of its anion. It can be seen now that, as 
might be expected, the true curve closely resembles that of «$-benzotropolone. It can also 
be seen that in the presence of alkali, the spectrum undergoes displacements identical with 
those observed in the tropolone series ; }* the peak at ca, 230 my is unaffected, but those at 
ca. 320 and ca. 370 my are displaced towards the visible, and the latter in particular is 
intensified 

Ihe infrared spectrum of 4-hydroxy-2: 3-benzotropone (11) indicates strong inler- 
molecular hydrogen bonding in the solid state, the O-H band appearing as a broad 
absorption (ca, 3300-—2060 cm.~') with the band centre at 2600 cm. and the chelated 
carbonyl! band as a very strong peak at 1470 cm.!. The only other band occurring in this 
region is at 1610 cm. (w) and is probably skeletal in origin. In solution the O-H and 
C=O absorptions are found at 3175 (m) and 1698 (s) cm.~' respectively. This intermolecular 
hydrogen bonding accounts for the high m. p. and insolubility of the substance. In 
contrast, the diester (1), in which the hydrogen bond can be tm/ramolecular, is much lower- 
melting and dissolves readily in organic solvents. 

rhe reactions of the 4-hydroxytropone (II) are as yet largely unexplored, but it should 
be noted that, as shown above, the molecule undergoes nuclear substitution. We have 
also found it to be unaffected by alkaline hydrogen peroxide, and these properties taken 
together bespeak a certain amount of aromatic character in the molecule. 


I-XPERIMENTAL 

Ultraviolet spectra were measured in ethanol, by means of a Unicam S.P. 600 spectro- 
photometer, and infrared spectra by means of a Model 13 Perkin-Elmer double-beam instrument 

Light petroleum used was of boiling range 60-80”, 

2: 3-Dihydro-2 : 3-methylene-1 : 4-naphthaquinone-2 : 3-dicarboxylic Acid (V).—-The diester 
(XI) (5 g@.), N-bromosuccinimide (2-9 g.), and a trace of benzoyl peroxide were refluxed for 
15 min. in chloroform (25 ml.) and carbon tetrachloride (25 ml.), The succinimide was filtered 
off and the solution washed with 5n-sodium hydroxide solution (25 ml.) and with water (25 ml.) 

Part VIII, Buchanan, J., 1954, 1060 

* Doering and Knox, J. Amer. Chem. Soc., 1951, 78, 828; Cook and Loudon, Quart, Rev., 1951, 
5, 99. 


(1956) Tropolones. Part IX. 2625 


Concentration in vacuo yielded the keto-ester (X) (4-9 g.), m. p. 115-—-116° (colourless needles 
from ethanol) (Found : C, 64-6; H, 6-4. C,,H,,O, requires C, 64-6; H, 5-1%), v4. (in CHCI,) 
3070 (w), 3000 (w), 1748 (s), 1694 (8) cm.” 

The ester (1 g.) was refluxed for 3 min. with 5n-sodium hydroxide (4 ml.) and ethanol (1 ml.). 
On acidification with hydrochloric acid (d 1-17), colourless needles of the monohydrate of the 
diacid (V) separated, having m. p. 165—185° (decomp.) (from water) (Found; C, 56-2; H, 3-4. 
C,,H,0,,H,O requires C, 56-2; H, 36%). Recrystallisation from acetone-benzene and drying 
at 100°/1 mm. for 4 hr. gave faintly violet prisms of the anhydrous acid, m, p. 165—-185° 
(decomp.) (Found: C, 60-0; H, 3-6. C,,H,O, requires C, 60-0; H, 3-1%) 

2 : 3-Dihydvo-2 : 3-methylene-1 : 4-naphthaquinone (XV11).—-(a) To the dione (XII) (1 g.) in 
carbon tetrachloride (1 ml.) was added a 10% solution of bromine in carbon tetrachloride 
(18-4 ml.; 2 mol.). The colour disappeared almost at once, and the solvent was removed 
in vacuo, leaving a yellow oil which was redissolved in acetone (25 ml.) containing sodium iodide 
(3 g.). After boiling for 2 hr., the solution was set aside for 3 hr. and, finally, the iodine colour 
was discharged by the addition of excess of aqueous sodium thiosulphate, Most of the acetone 
was removed in vacuo and the resulting solid was recrystallised from methanol. This gave the 
dione (XVII) (756 mg.), m. p. and mixed m. p. 128-130", v,.,. (KCI dise) 3040 (m), 1680 (5), 
1000 (ms), 880 (m), 870 (m) cm.". It afforded a diovime, m. p. 260-—-265° (decomp.) (from 
aqueous dioxan) (Found: C, 65-5; H, 6-2; N, 13-8. C,,H,,O,N, requires C, 65-3; H, 5-0; N, 
13-99%) 

(b) The monoketone (XVIII) (85 mg.) in aqueous acetic acid (5 ml.; 80%) was refluxed for 
4 hr. with chromic oxide (600 mg.). After being made strongly alkaline with 5n-sodium 
hydroxide the solution was extracted with ether (2 «x 25 ml.), and the extract dried and 
concentrated. The product (63 mg.) was the dione, m. p. and mixed m. p. 128—-130°, and its 
infrared spectrum (KCI disc) was identical with that of authentic material. 

2-Bromo-2 : 3-dihydro-2 : 3-methylene-1 : 4-naphthaquinone (X XII).-—The dione (XIT) (60 mg.) 
was treated with a 10%, solution of bromine in carbon tetrachloride (0-92 ml.; 2 mols.). The 
colour disappeared almost instantly and, after removal of the solvent in vacuo, the residual oil 
was taken up in ether (1 ml.) and shaken with 30% aqueous trimethylamine (1 ml). When 
the ether was then removed by evaporation the crude bromo-dione (62 mg.) separated. This was 
filtered in benzene through neutral alumina and gave colourless prisms (from methanol), m, p 
115—116° (Found: C, 52-6; H, 3-2; Br, 31-7. C,,H,O,Br requires C, 52-6; H, 2-8; Br, 
319%), “nae, (in Nujol) 1680 (s)cm.“. It gave a mono-oxime, m. p. 175-—-177° (decomp.) (Found 
C, 49-4; H, 3-0; N, 5-2. C,,H,O,NBr requires C, 49-6; H, 3-0; N, 53%). 

2 : 3-Dibromo-2 : 3-dihydro-2 : 3-methylene-1 : 4-naphthaquinone (VII1).—(a) The dione (X11) 
(100 mg.) was treated with a 10% solution of bromine in carbon tetrachloride (2-74 ml. ; 3 mols.) 
and left until pale yellow (ca. 3 hr.); the solvent was then removed in vacuo, and the resultant 
yellow oil treated with aqueous trimethylamine (2 ml.; 30%) Immediately, the dibromo 
ketone was precipitated; it had m. p. 195° (decomp.), forming colourless prisms from acetone 
(Found: C, 40-1; H, 2-0; Br, 48-3. C,,H,O,Br, requires C, 40-0; H, 1-8; Br, 485%), var. 
(in Nujol) 3070 (w), 1690 (s) cm.. Attempts to prepare an oxime were unsuccessful. 

(b) The dione (XII) (100 mg.) in a 10% solution of bromine in carbon tetrachloride (3-68 ml. ; 
4 mols.) was refluxed until the solution was pale red (ca. 5 hr.}. The solvent was then removed 
in vacuo, and the resultant red oil was taken up in 75°, aqueous acetone (4 ml.) containing 
potassium iodide (300 mg.). After } hr., excess of aqueous sodium thiosulphate was added and 
further dilution gave the dibromo-dione, m. p. 190° (decomp.), identical in infrared spectrum 
(Nujoi) with that obtained above, 

(c) After being kept for 5 days, a 10% solution of bromine in carbon tetrachloride (3-68 m1. ; 
4 mols.) containing the dione (XII) (100 mg.) was concentrated in vacuo, ‘The resulting oil was 
shaken with 30%, aqueous trimethylamine (3 ml.). Immediately a dark solid separated and 
this was crystallised from acetone, to give the dibromo-dione (21 mg,), m. p. and mixed m, p. 195° 
(decomp. ) 

Treatment of 4: 4: 6-Tribromobenzocycloheptene-3: 7-dione (V1) with Alkali—The dione (X11) 
(200 mg.) was set aside for 3 hr. in a 10% solution of bromine in carbon tetrachloride (6-52 ml. ; 
3 mols.); the solvent was then removed in vacuo, to give the crude tribromo-compound which 
was warmed on a steam-bath for 5 min. with 5n-sodium hydroxide (4 ml). After filtering, the 
dark red solution was acidified with hydrochloric acid (5m), and the dark brown precipitate 
extracted with boiling water (3 x Iml.). The combined extracts deposited a red solid (17 mg.) 
on cooling. Sublimation at 130°/2 x 10% mm. gave 2-hydroxynaphtha-I : 4-quinone, m. p. 
190° (decomp ), identical in infrared spectrum with an authentic specimen 
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5: 7-Dibromo-4-hydroxy-2 ; 3-benzotropone (111),—-To a sublimed sample of the hydroxy- 
benzotropone (11) (260 mg.) suspended in glacial acetic acid (15 ml.) a 10% solution of bromine 
in glacial acetic acid (4-65 ml,; 2 mols.) was added, and the suspension shaken until dissolution 
was complete and the bromine colour had disappeared (ca. 4 hr,), then poured into water (40 m1.). 
The pale yellow dtbromo-derivative (460 mg.) separated. A sample sublimed at 120— 
140°/10 * mm. had m. p. 160° (decomp.) (Found: Br, 48-1. C,,H,O,Br, requires Br, 48-2%), 
(in Nujol) 3340 (s), 1680 (m), 1620 (s), 1590 (s), 1569 (s) cm.* 

Ihe dibromo-compound was oxidised with boiling nitric acid (d 1-2) to phthalic acid, 
identified as the anhydride (m, p. and mixed m, p.). 

Keavrangements, (a) The dibromo-compound (III) (75 mg.) was heated on the steam-bath 
for 15 min. with 5n-sodium hydroxide (3 ml.), The solution was then acidified and filtered, 
and the filtrate kept overnight. A few mg. of brown-yellow crystals separated, having m. p. 
Their infrared spectrum was identical with that of 2-hydroxynaphtha-l : 4- 


Vinax 


ca, 180° (decomp.) 
quinone in almost every respect 

(b) A mixture of potassium hydroxide (900 mg.) and the dibromo-compound (III) (120 mg.) 
was heated at 110° for 10 min, After cooling, water (5 ml.) was added, and the solution 
acidified with hydrochloric acid (5n). Ether-extraction (2 x 20 ml.), drying, and concentration 
yielded a black solid which was extracted with boiling water (3 x 1 ml.). On cooling, a yellow 
solid (48 mg.) separated; this was sublimed at 140°/19* mm., to give 2-hydroxynaphtha-1 ; 4- 
quinone, m. p, 190° (decomp.}, identical in infrared spectrum (Nujol) with an authentic 
h ppec imen 

4: 6-Lnethoxycarboxyl-4 : 6-dimethylbenzocycloheptene-3 ; 7-dione (XV) The diester (XI) 
(5 g.) was dissolved in dry ethanol (35 ml.) containing sodium (750 mg.). After addition of 
methyl iodide, the solution was set aside for 24 hr., most of the solvent was distilled off, and 
water (200 ml.) was added, The oil which separated was taken up in ether (50 ml.), washed with 
5n-sodium hydroxide solution (25 ml.), dried, and concentrated, yielding a brown solid (4-5 g.). 
A small portion was extracted with boiling light petroleum (charcoal) and, on cooling, colourless 
needles of the dimethyl compound, m. p. 93-—94°, separated (Found: C, 65-5; H,6-7, CyH,,O, 
requires C, 65-8; H, 64%), 

4: 6-Dimethylbenzocyclohepltene-3 : 7-dione (XX).—-The crude ester (XV) (44 g.) was 
refluxed for 115 hr, with dioxan (30 ml.), water (150 ml.), and sulphuric acid (30 ml.; d 1-84). 
Ihe cooled mixture was extracted with ethyl acetate (2 « 25 ml.), and the extract washed with 
Drying and concentration yielded a brown solid which was 
On cooling, the dimethyl-dione (715 mg.) 
CygH yO, requires C, 


5n-sodium hydroxide (2 x 25 ml.). 
extracted with boiling light petroleum (charcoal), 
separated as colourless prisms, m, p, 93-—95° (Found: C, 76-8; H, 6-7 
717-2; H, 69%) It gave a dioxime, m. p. 230° (decomp.) (Found: C, 67-2; H, 68; N, 11-6. 
C yg ll gO, requires C, 67-2; H, 69; N, 12-0%) 

2:3- Dihydvo-2 : 3-dimethyl-2 : 3-methylene-1 : 4-naphthaquinone (X1X).—2: 3- Dimethyl- 
4-quinone (5 g.), dissolved in ethereal diazomethane (from 15 g. of methyl-N-nitroso- 
urea) was kept at 0° for 4 weeks, and then concentrated. The resulting red oil was heated at 
200° for 4 hr. (gas evolution) and finally distilled, The fraction, b. p, 180-—190° (bath) /3-5 mm., 
collected as a yellow wax which was extracted with boiling light petroleum (5 x 20 m1.) 
Evaporation gave a yellow solid which crystallised from aqueous methanol and then from 
light petroleum as colourless needles of the dione, m. p. 79-—-80° (Found: C, 781; H, 5-6. 
C yg gO, requires C, 78-0; H, 6-0%), vq, (KCI disc) 3070 (w), 1675 (s) cm... It gave a mono- 
2; 4-dinitrophenylhydrazone, m. p, 283° (decomp.) (from nitrobenzene) (Found; C, 59-9; H, 
44; N, 14-7. CyyH,O,N, requires C, 60-0; H, 42; N, 147%), vynay (Nujol) 1675 (s) cm.~! 
Attempts to prepare an oxime were unsuccessful 

Che compound was reduced by zinc dust and acetic acid by the method described below, to 
give the dione (XX), characterised as its oxime, identical in infrared spectrum (Nujol) with the 


naphtha ] 


specimen previously prepared 

(6) The dimethyl-dione (XV) (100 mg.) was set aside in carbon tetrachloride (5 ml.) 
containing bromine (160 mg.; 2 mols.) until the colour had disappeared (ca. 1 hr.). Removal of 
acuo gave an oil which was taken up in acetone (20 ml.) containing sodium iodide 
(300 mg.) \fter 3 hr. the colour was discharged with aqueous sodium thiosulphate, and 
removal of acetone in vacuo gave an oil which was taken up in ether (10 ml.), Drying and 
concentration yielded an oil which gave a 2: 4-dinitrophenylhydrazone, m, p, 277° (decomp.} 
p. and infrared spectrum (Nujol)} with that obtained from the tricyclic 


solvent im t 


identical [mixed m 


dione (XIX) 
Ethyl 2-Benzyleyclopropanecarboxylates (XXIII; RB Et).-To refluxing allylbenzene 
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(20 g.) containing copper bronze (1 g.), diazoacetic ester (30 g.) was added dropwise during 
2hr. After refluxing for a further 2 hr. the dark mixture was filtered and steam-distilled until 
the distillate was clear (ca. 7 hr.), The distillate was extracted with ether (2 « 400 ml.) and, 
after drying and concentration, the resulting oil was distilled, giving allylbenzene (11 g.), b. p 
158—161°, and the mixture of esters (15 g.), b. p. 270-—-272°/754 mm., v,,.,, (thin film) 3060 (w), 
1725 (s) cm."}. 

2-Bensylcyclopropanecarboxylic Acids (XXIIL; RK H) Che mixture of esters (XXIII; 
R Et) (15 g.) was refluxed for 30 min. with sodium hydroxide (15 g.), methanol (15 ml.), and 
water (50 ml.). After cooling, the solution was washed with ether (30 ml.), acidified with hydro- 
chloric acid (5N), and extracted with ether (2 « 50 ml.), On concentration this gave an oil 
which was distilled, the fraction, b. p. 188-—190°/16 mm. (8-6 g.), being collected as the acids, 

A mixture of anilides was prepared in the usual way, giving an oil which was extracted with 
boiling light petroleum. Upon cooling, white needles of the cis-anilide separated, having m. p 
99-—100° (Found: C, 81-0; H, 69; N, 569. C,,H,,ON requires C, 81-3; H, 68; N, 5-6%). 
The remainder of the oil was extracted with boiling light petroleum-methanol. Upon cooling, 
fine white needles of the trans-anilide, m. p. 124—-126°, separated (Found: C, 81-2; H, 6-9; 
N, 5-7%) Che ratio of cis /trans-isomers was ca. 10/1 

2: 3-Methylene-\-tetralone (XVII1).—-The mixture of acids (XXIII; R H) (3-6 g.) was 
refluxed with thionyl chloride (5 ml.) for 15 min. and excess of reagent was removed in vacuo. 
The acid chlorides in dry ethylene dichloride (35 ml.) containing aluminium chloride (2-80 g.) 
were set aside for 2 hr.; the mixture was then poured on ice (50 g.) and hydrochloric acid 
(20 ml.; d 1-17) The aqueous layer was removed and extracted with ethylene dichloride 
(25 ml.), and the combined extracts were washed with 5n-sodium hydroxide. From the latter 
alkaline) extract a crude acid was isolated by acidification, ether extraction, et It gave only 
the trans-anilide, m. p, and mixed m, p, 124-~—126”. 

Concentration of the ethylene dichloride extracts yielded an oil which was distilled Phe 
fraction, b. p. 124—127°/15 mm, (1-53 g.), was the ketone, v,,,, (thin film) 1675em,', and gave a 
2: 4-dinitrophenylhydrazone, m. p. 226° (softens at 215°) (Found: C, 60-4; H, 3-0; N, 16-5 
C,,H,,O,N, requires C, 60-3; H, 4-1; N, 166%) 

Reduction of Benzocycloheptene-3 : 7-dione with Zine Dust and Acetic Acid.--The dione (X11) 
(53 mg.) was refluxed for 1} br. in glacial acetic acid (5 ml.) containing zine dust (500 mg.) 
After being filtered and basified with 5n-sodium hydroxide the solution was extracted with ether 
(2 * 25 ml.) and concentrated to the oily ketol (XIII), v,,. (thin film) 3410 (s), 1670 (s) cm.! 
‘Found M (Rast), 204. Cale, for C,,H,,0,: M, 176), which gave a 2: 4-dinitrophenyl 
hydrazone, m. p. 195° (softens at 162°) (from acetic acid) (Found: C, 57-5; H, 40; N, 15-6 
C,,H,,.O,N, requires C, 57-3; H, 4:5; N, 15°7%), vee (Nujol) 3485 (m)cm.-'. The ketol also 
gave an oxime, m. p, 215—217° (from methanol) (Found ; C, 60-2; H, 7-0; N, 7-5. C,,HyyO,N 
requires C, 69-1; H, 6-8; N, 7:3%). 

rhe crude ketol {from 250 mg. of (XI1)} was set aside overnight in 80% aqueous acetic acid 
(7 ml.) containing chromic oxide (500 mg.), then basified with 5n-sodium hydroxide solution, 


and extracted with ether (2 x 25 ml.); concentration yielded an oil which gave the bis-2; 4 
of the dione (X11) 


dinitrophenylhydvrazone, m, p. 248—-250° (decomp.) (from nitrobenzene) 
(Found: C,,61-5; H, 3-6; N, 21-0. Cy,H,,O,N, requires C, 51-7; H, 3-6; N, 20-9%), identical 
in infrared spectrum with that prepared from an authentic sample of the dione (XII) 

Reduction of the Methylenenaphthaquinones with Zinc Dust and Acetic Acid 
(XVII) (200 mg.), the bromo-dione (XXII) (200 mg.), and the dibromo-dione (VITI) (200 mg.) 
were each reduced in boiling glacial acetic acid (10 ml.) containing zine dust (750 mg.), and the 
products isolated as in the previous experiment and characterised as the 2: 4-dinitropheny! 
hydrazone of the ketol (XIII) [mixed m. p.s and infrared spectra (Nujol) 

Reduction of 2: 3-Diethoxycarbonyl-2 : 3-dihydro-2 : 3-methylene-1 : 4-naphthaquinone 
with Zinc Dust and Acetic Acid,—The keto-ester (X) (300 mg.) was refluxed in glacial acetic acid 
(10 ml.) containing zinc dust (600 mg.) for 2} hr. Filtration and dilution gave a small quantity 
of a sticky solid which was dissolved in ether (5 ml.) and extracted with 5n-sodium hydroxide 
(3 ml.). Acidification of the extract gave a white solid, m. p. 83-85” (from light petroleum), 
undepressed in mixed m, p. with the ester (XJ) 

4: 6-Diethoxycarbonyl-3 : 7-diacetoxybenzocyclohepta-\ : 3: 6-triene (V1).--Acetyl chloride (5 
ml.) was added dropwise during 10 min. with shaking and cooling to the diester (XJ) (5 g.) in dry 
pyridine (15 ml.), Next morning the solid was filtered off and washed with dry ether (50 m1.), 
and the ethereal solution extracted with hydrochloric acid (4 ~ 50 ml.; 6), sodium hydroxide 


solution (4 » 50 mi.; 5), and water (50 ml). Drying and concentration gave the enol acetate 


The dione 


(X) 
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(6-0 g.) a% an oil which solidified, m. p. 91—92° (prisms from ether) (Found; C, 63-0; H, 5-5. 
Cy, Hy, requires C, 62-7; H, 55%), vena, (im CCl) 1774 (8), 1710 (s), 1285 (s), 1210 (s) cm... 

4-Hydroxy-2: 3-benzotropone (11).—-The diacetate (VI) (3-0 g.) and N-bromosuccinimide (2:1 
g.) in carbon tetrachloride (50 ml.) was refluxed for 1 hr. with a trace of benzoyl peroxide, 
Washing with water (3 x 25 ml.) and concentration in vacuo yielded a pale yellow oil which, on 
addition of 5~-sodium hydroxide (10 ml.), gave an extremely insoluble sodium salt. Acidific- 
ation of a small quantity of this salt with hydrochloric acid (d 1-17) afforded the pale yellow 
diester (1), m. p. 74-—-75° (prisms from hexane) (Found : C, 64-5; H, 5-1. Cy,H 4.0, requires C, 
64-5; H, 5° 1%), Youn, (in CCl) 2050 (w), 1710 (s), 1650 (s), 1620 (m) cm.~. 

Hydrolysis of the remainder of the salt with 5n-sodium hydroxide (50 ml.) and ethanol 
(10 ml.) gave a dark brown solution, which, on acidification with hydrochloric acid (d 1-17), 
evolved carbon dioxide and gave the yellow 4-hydroxy-2 : 3-benzotropane (1:3 g.), m. p. 175-— 
180°, A sample sublimed at 150-—160°/10°* mm. had m. p. 183—185° (Found: C, 76-4; H, 
51. C,,H,O, requires C, 76-7; H, 47%), vnngx, (in CHCI,) : 3175 (m), 1698 (s), 1650 (s), 1593 (s), 
1570 (8) cm.*, Yyay (Nujol) : 3300-—2060 (m), 1610 (w), 1540-—-1470 (s), 1330 (s), 1240 (s), 786 (m), 
760 (8) cm. 


Microanalyses were by Mr, J. M. L. Cameron and Miss M. W. Christie, and infrared and 
ultraviolet spectra were measured by Mr. G. Milmine. We thank Dr. G. Eglinton for advice in 
the interpretation of the infrared spectra and Dr. W. Carruthers for a specimen of 2-hydroxy- 
naphtha-1:4-quinone, One of us (J. K. S.) gratefully acknowledges a Maintenance Grant from 
the Department of Scientific and Industrial Research. 
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517. Studies in Pyrolysis. Part VI.* Competitive Routes in the 
Pyrolysis of Acyl Cyanides and their Dimeric Forms, 


By R. N. Bennett, E. Jones, and P. D. Rirenie. 


Pyrolysis of acetyl and benzoyl cyanide, and of the esters R°CO,CRK(CN), 
derived by their “ dimerisation,"’ occurs in the vapour phase by competitive 
routes, yielding a variety of products, Reaction mechanisms are briefly 
discussed, 


AceTyL and benzoyl cyanide readily undergo a reaction of the Tishchenko type, yielding 
‘dimers '’ which have been shown ! to be dicyano-substituted carboxylic esters : 


2R-CO-CN ——t R-CO,-CR(CN), 


To assist in interpreting the pyrolysis of cyano-alkyl esters, it became necessary to study 
the pyrolysis of these acyl cyanides and their respective “ dimers ”’ 1 ; 1-dicyanoethy! 
acetate and a«-dicyanobenzyl benzoate ; the breakdown of the former only has previously 
been reported z 

Szware and Murawski * have shown that acetyl bromide (X = Br) breaks down at ca, 
600° by two competitive routes, the first predominating markedly : 


ee, he an es ta ae 


Me-CO'XK —— 
ee ee ee ee 


The symbols, C}, B!, etc., are taken from an earlier paper. Parallel results have now been 
obtained for acetyl cyanide (X = CN). This is thermostable at ca. 350°, at which tem- 
perature it is synthesised catalytically from keten and hydrogen cyanide ;* but at ca. 470° it 
breaks down as shown above. Decarbonylation (C') again predominates; the €ompetitive 


* Part V, /., 1955, 4407 

' Marvel, Brace, Miller, and Johnson, J. Amer. Chem. Soc., 1949, 71, 34 

* Ardis, Averill, Gilbert, Miller, Schmidt, Stewart, and Trumbull, ibid., 1950, 72, 1305 
' Seware and Murawski, Trans. Faraday Soc., 1951, 47, 269 

* Allan, Forman, and Ritchie, /., 1955, 2717 
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scission to keten and hydrogen cyanide (a thermal reversal of the synthesis) is analogous 
to the B! type of acyl-oxygen scission of esters discussed recently by Allan, Forman, and 
Ritchie.‘ 

Benzoyl cyanide, on the other hand, cannot eliminate keten in this way; and at ca, 500° 
decarbonylation (C!) to carbon monoxide and benzonitrile is the only simple breakdown 
route followed, though this is accompanied by a complex reaction producing tars. 

One purpose of the present study was to determine whether the Tishchenko-type 
addition can be reversed thermally. Ardis et al.* have recorded thermal scission of 1 : 1-di- 
cyanoethyl! acetate at 600—650°, yielding only (65°) acetic acid and vinylidene cyanide ; 
but the present authors are indebted to Dr. A. E. Ardis for additional information ® that 
ca. 3%, of acetyl cyanide was observed in the pyrolysate, and that mass spectrometry 
showed mass numbers corresponding to the four secondary products which are now pre- 
dictable, namely, carbon monoxide, acetonitrile, keten, and hydrogen cyanide. It is clear, 
therefore, that competitive primary scissions occur, the following being a probable reaction 
scheme, with alkyl-oxygen scission (A') predominating 


——— ACOH 4 CH,:C(CN), 
AcO-CMe(CN), —| 
2Me‘CO'CN ay Pe a mah 


At 


The acetyl cyanide and secondary products observed might arise by acyl-oxygen scissions 
either of the B? type, with migration of a cyano-group from alkyl to acyl, or of the B* type 
previously observed by Allan, Forman, and Ritchie * for vinyl carboxylates, with migration 
of a hydrogen atom from acyl to alkoxyl : 


AcO-CMe(CN), —® CH,:CO + [HO-CMe(CN),] . . . . .  B! 


The resulting transient 1: 1-dicyanoethanol, being in effect the cyanohydrin of acetyl 
cyanide, should break down readily to hydrogen cyanide and acetyl cyanide, with subse 
quent competitive C! and B! scissions of the latter. Results described below support 
the B* route. 

Alkyl-oxygen scission (A#) is precluded for aa-dicyanobenzyl benzoate by the absence 
of a @(or «)-hydrogen atom in the alkyl group, and B* scission by the absence of an 
«-hydrogen atom in the acyl group. The only predictable route, therefore, is reversion to 
benzoyl cyanide by a B? scission, followed by decarbonylation of this product without 
competitive elimination of hydrogen cyanide. Nevertheless, pyrolysis of this ester at ca. 
500° proceeded by at least three routes. The products, and their relative abundance, 
are best accounted for by the scheme : 


ca, TO% 
Tars (+ HCN,PhCN,BzOH,C,H,) 
ca, 20%, 
BzO-CPh(CN), —--——-}-——+ CO, CPh.(CN), 

ca, 10% 
———npp [2Ph-CO-CN] 


Y 
904 FHCN oP 1 ee 


he yield of benzonitrile (ca, 20°, of theoretical) is about twice that of carbon monoxide, 
so that the former cannot all arise by the B*-C! route: part of it must originate in the 
tar-forming reaction or reactions, which almost certainly include high-temperature radical 
reactions, since there is no obvious simple molecular mechanism for the formation of 


hydrogen cyanide (ca. 12%, of theoretical) and benzoic acid (trace), It is possible that 


routes B*, C!, and C* also include radical mechanisms. 
The unexpected decarboxylation (C*) to diphenylmalononitrile adds an interesting 
example to the few known ester-decarboxylations.«’ This nitrile is difficult to hydrolyse 
* Ray, U.S.P. 2,396,201/1946: cf. Gresham, BP. 583,646/1946 
* Ardis, personal communication, 1953 
Anschitz, Ber., 1885, 18, 1945, Anschiitz an 
Tra him., 1930, 49, 665 


1 Wirtz id, p. 1947; Roberts and Lowden, he 
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by acid or alkali; but prolonged acid hydrolysis leads, not to the readily decarboxylated 
diphenylmalonic acid,® but to its breakdown product, diphenylacetic acid. 

Ihe occurrence here of the B* reaction confirms, though it does not prove, that the 
pyrolytic by-products from the analogous | : 1-dicyanoethy] acetate ® arise by a B* rather 
than a B' acyl-oxygen scission. This is supported by the pyrolysis of other cyano-substi 
tuted carboxylic esters, which will be described later. 


EXPERIMENTAL 


A ppavatus.—The substances were pyrolysed in flow reaction vessels of the type described 
previously * (a stainless-steel reaction vessel, S; and a Pyrex-glass reaction vessel, P), tem- 
peratures being controlled (+-5°) by a Variac transformer, Before each run the system was 
several times evacuated and filled with nitrogen, to avoid oxidation of the heated vapours. 

Analytical Methods,-Chemical examination of pyrolysate fractions was in some cases 
supplemented by infrared spectrometry. Benzonitrile was characterised by conversion ® into 
benzamide by alkaline hydrogen peroxide, and hydrogen cyanide by the copper acetate 
benzidine acetate test. Hydrogen cyanide was determined quantitatively by the standard 
titration method,” All solid products were identified by mixed m. p.s. 

Acetyl Cyanide.—Preparation, The cyanide, prepared from acetyl bromide and cuprous 
cyanide as described by Migrdichian™ (yield ca. 55%), was a colourless liquid, b, p. 93-—-93-5° 
(lit.,4 93°), 

Pyrolysis. The cyanide (50 g.), fed into vessel P (0-71 g./min.) at ca. 470°, yielded a 
liquid pyrolysate (27-9 g.), Keten was removed from the exit gases by conversion into acet 
anilide (m, p. and mixed m, p. 114°) in an aniline-ether trap; the exit gases from this trap (after 
removal of hydrogen cyanide and any trace of carbon dioxide by aqueous alkali) consisted of 
carbon monoxide (60-3%), unsaturated hydrocarbons (1-3%), and displaced nitrogen (38-4%) 
Che liquid pyrolysate yielded hydrogen cyanide (3-2 g.), b. p. 30—32°, impure acetonitrile 
(11-2 g.), b. p, 80-93", and acetyl cyanide (12-3 g.), b. p. 93° (loss: 1-2g.). The acetonitrile, 
on redistillation, yielded 8-9 g., b. p. 81-—83° (Found: C, 58-0; H, 7-2, Calc, for C,H,N: 
C, 685; H, 73%), which on hydrolysis gave acetic acid (p-bromophenacyl] ester, m. p. and 
mixed m, p. 110-—111°), 

Benzoyl Cyanide.-Prepavation. The cyanide, prepared from benzoyl chloride (highly 
purified) and cuprous cyanide as described by Drake™ (yield ca, 45%), had b. p. 208-—210° 
(lit.,4* 208—-209°) and m. p, 30-—32° (lit.," 32-33”), 

Pyrolysis. Molten cyanide (23 g.), fed into vessel S (0-94 g./min.) at ca. 470°, yielded a 
liquid pyrolysate (12-1 g.) and 7-1 1. of a gas which consisted of carbon monoxide (44%, ca. 4 g.) 
and displaced nitrogen (66%); there was no hydrogen cyanide, carbon dioxide, or olefin, ‘ars 
and carbonised matter retained in the reactor accounted for the overall loss (ca. 7g.). The liquid 
pyrolysate consisted mainly of benzonitrile and unchanged benzoyl cyanide. These could 
not be adequately separated by fractional distillation, but, after removal of crude benzoy! 
cyanide by freezing, the liquid residue was identified as benzonitrile by its infrared spectrum 
and by conversion * into benzamide, 

xa-Dicyanobensyl Bensoate.—Preparation. The ester, prepared as described by Nef" 
(yield ca. 20%), was obtained as needles (from ethanol), m. p. 97° (lit.,* 99°) (Found; C, 73-1; 
H, 3-9; N, 10-9. Calc. for C,,H,,O,N,: C, 73-3; H, 3-8; N, 107%) 

Pyrolysi Molten ester (30-0 g.) was fed into vessel P (0-24 g./min.) at ca, 500°, A liquid 
pyrolysate (19-5 g.) was collected; a solid carbon dioxide trap removed hydrogen cyanide 
(ca, 11%) from the exit gases; the uncondensed exit gases (2-7 1.) consisted of carbon monoxide 
(8%), carbon dioxide (59%), hydrogen cyanide (trace), and displaced nitrogen (33%). Tars 
and carbonised matter retained in the reactor accounted for the overall loss (ca. 6-5 g.). The 
liquid pyrolysate yielded (i) hydrogen cyanide (trace), b, p, 23-—30°, (ii) benzene (characterised 
as m-dinitrobenzene) (1°25 g.), b. p. 78—80°, (ili) 1-25 g., b. p. 180-200", (iv) 0-25 g., b. p 


* Morsman, Helv. Chim. Acta, 1035, 18, 1466 

* Radviazewski, Ber., 1885, 18, 355 

Cumming and Kay, ‘ Quantitative Chemical Analysis," Oliver and Boyd, London, 9th Edn, 
1045, p. 178 

1) Migrdichian rhe Chemistry of Organic Cyanogen Compounds Reinhold, New York, 1947 
» It 
' '* Drake, Org Synth, 1044, 24 l4 

'‘* Nef Annalen, 1895, 287, 305 
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70—-140°/10 mm., (v) 4-0 g., b. p. 140—170°/10 mm., (vi) 2-0 g., b. p. 180-—210°/10 mm., and 
(vii) 8-25 g. of high-boiling tar (loss: 2-5 g.). Fractions (iii) and (iv) consisted of benzonitrile 
together with a trace of benzoic acid. Fraction (v) was a mixture of yellowish liquid and 
colourless solid; the latter was diphenylmalononitrile, isolated from aqueous methanol or ethanol 
as colourless needles, m. p. 87:5°, insoluble in water and soluble in methanol, ethanol, acetone, 
ether, benzene, or glacial acetic acid [Found ; C, 82-5; H, 4-7; N, 12:8%; M (Rast: camphor), 
217. CysHy N, requires C, 82-6; H, 46; N, 128%; M, 218]. It shows major infrared 
absorption bands at 3040 (m), 2220 (w), 1950 (w), 1875 (w), 1795 (w), 1746 (w), 1595 (m), 
1490 (s), 1450 (s), 762 (s), 742 (s), 702, 691 (doublet: s) cm.“. The nitrile, when refluxed with 
glacial acetic acid and concentrated hydrochloric acid for 48 hr., yielded diphenylacetic acid as 
needles (from aqueous methanol), m. p. and mixed m. p. 147° (Found: C, 79-2; H, 5-8. Cale 
for C,y,H,,O,: C, 79-2; H, 57%). The yellowish filtrate from fraction (v) contained benzo- 
nitrile, benzoic acid, and diphenylmalononitrile (infrared spectrum). Fraction (vi) also 
contained the nitrile, together with tar; no further specific substances could be identified in 
the tarry residues, 
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Dr. G, Eglinton for infrared absorption data, 


TECHNICAL CHEMISTRY DEPARTMENT, 
Roya. Tecunicat CoL__ece, GLascow, C,1 [Received, January 16th, 1956.) 


518. Hybridization in the Ground State of the Hydrogen 
Molecule-ion. 


sy B. F. Gray, H. O. Pritcnarp, and F. H, SuMNeER. 


Calculations have been made on an automatic machine to determine the 
best representation of the ground state of the hydrogen molecule-ion in terms 
of a linear combination of the ten hydrogen-atom wave functions Is, 2s, 2p, 3s, 
3p, 3d, 4s, 4p, 4d, 4f. An error in some earlier calculations has been noted 
and we have found that, if the effective value of Z is maintained at unity, the 
best function gives only about 75%, of the experimental dissociation energy. 
With the inclusion of a single value of Z as a variation parameter, it is 
possible to get a close approximation to the true dissociation energy, 

A feature of the calculation is that the necessary two-centre integrals 
were, for the most part, evaluated in an analytical fashion by the machine, 


It was stated by Pritchard and Skinner! that in the hydrogen molecule-ion the best 
1s-2p hybrid, without variation in Z from the value unity, had a dissociation energy almost 
equal to that obtained by Dickinson ;* also that the calculated bond length for this state 
was too small and the calculated force constant too large. It has been suggested that this 
surprising result was caused by a lack of orthogonality between the 1s-ls and 2p-2/ mole- 
cular wave functions used,’ but unfortunately it was due to the erroneous assumption that 
a particular integral in the energy expression could be equated to zero, In fact, the 
inciusion of higher quantum states does not lead to a very marked improvement in the 
calculated energy unless one allows a variation in the value of Z. 


The Nature of the Calculation.-We may consider hybridization in the hydrogen molecule-ion 
in two different ways: as the sharing of the electron between a hybridized atomic orbital on 
atom A with a similar orbital on atom B, i.¢., we form a molecular orbital by overlapping two 
LCAO atomic wave functions; or as a linear combination of a number of simple LCAO molecular- 
orbital representations of various states of the system, In this particular case the two methods 
are equivalent, and we use the LCMO description as it is considerably easier to handle 

1 Pritchard and Skinner, /., 1951, 945 


* Dickinson, J Chem. Phys., 1933, 1, 317 
> Coulson and Lester, Trans. Faraday Soc., 1955, §1, 1605 
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Let 4, . bs, Wy... Wy be the exact Is, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f hydrogen-atom 
wave functions centred respectively on atoms A and B, Confining ourselves to > states of the 
system, we need only consider, where a choice exists, those wave functions having a maximum 
along the line of centres A--B, as wave functions of other symmetries do not contribute to the 


energy of these »2 states. We define the ten molecular orbitals as : 
ih) 


1 0, 1 


ii (2 t ZF) hid, T d,), 


vyave function for the system as 


Minimizing the energy with respect to the coefficients c, leads to the tenth-order secular 
determinant 


|Dy| = \Hy 


there are ten eigenvalues of this equation corresponding to the energies of ten > states of the 
hydrogen molecule-ion, and ten orthogonal eigenvectors giving the values of the coefficients ¢, 
associated with each of these levels. 

rhe elements of |Dy| may readily be shown to be 


‘ 9/9 ” 9 1 OF ic _ 
ij “\o T © 42 254) Ey ' 94)) 


8y)(1, + €/R) — e(Ky + Jy)) 


where the symbols have the significance: e the electronic charge, R the internuclear 


1, = the ionization potential of a hydrogen atom in state dy by [eebrac for 


pip $$"; 
, j P = 
ali values of i, j, 8y = zero (} J) or unity (1 = 4), Ky | : dr and Jy | - dr, 


i 
y, and r, being the distance of the electron from nucleus A or B. Since H is Hermitian, Hy 
H,,, but the K integrals are not independent of the order of the subscripts; the compensation 
is achieved through the J term, J, being taken with Ky and J, with Ky. 


It was in the evaluation of the /y (i 7) terms that the error arose in the previous work! 


as only the terms | p4/1¢/dr and | ¢4Hd/ dt were considered, the other two | ¢4H¢4,d+ and 


| pligras being neglected. Detailed corrections have not been evaluated because we feel 


that the verification of Pauling’s bond-strength criterion, based upon the magnitude of the 
angular part of the wave function, is no longer a vital issue in theoretical chemistry. However, 
the extent of the error in the 1s-2p case is clear from the results which are presented below. 

lhe Method of Calculation.—The complete calculation was carried out automatically at a 
series of internuclear distances in the range 2a,-—-2-8a,. At each value of #, the machine 
evaluated the integrals ty, Jy, and Ky and manipulated them to form the required quantities 
iy and /y according to the formula given above, The 165 values of the integrals, together 
with the 65 resulting values each of Sy and Hy were printed out for checking; the machine 
time up to this staye was about 70 minutes, After the determinant had been set up from Sy 
and //,, the eigenvalues and eigenvectors were determined in a relatively short time by pro 
yrammes that have already been described,‘ 

lhe mechanical calculation of the two-centre integrals &,, J,,, and Ay presents an interesting 
and difficult problen Straightforward numerical integration on the scale involved in this 
problem is out of the question; to obtain two-dimensional integrals to the required accuracy 
would necessitate the evaluation of each function at several hundreds (or even thousands) of 
points before quadrature formule could be applied. This would be too time-consuming. We 
therefore devised a programme for the machine to perform the calculation in the same way as 
a human calculator would, 

lo facilitate transformation into elliptical co-ordinates, the wave functions were recast in 


terms of the variables r and r cos 0, t.e. : 
(numerical const.)(e~"*)(polynomial in r, ¢ cos 0) 


Sumner, Proc. Roy. Soc., 1956, A, 235, 136 
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A set of storage locations was assigned to each of the ten orbitals, the most complicated one 
(4s) requiring eight 20-digit lines. The orbitals were stored in the following way: one line each 
for the value of the principal quantum number N and for the number of terms in the polynomial ; 
a pair of lines for the numerical coefficient and one line each for each term in the polynomial, 
Terms in the polynomial were stored in the form: 5 digits for the exponent of r; 5 digits for 
the exponent of ry cos 0; and 10 digits for the numerical coefticient and its sign. To calculate 
an overlap integral €,,, the orbital ¢,; was identified with atom A and ¢, with B; thus, when the 
transformations u = (ry, + 7%,)/R and v = (ry, — r,)/R were used, the exponents were regarded 
as operating on $R(u + v) and $R(1 + uv) for dj and on $R(w — v) and 4R(1 — uv) for Py. 
The integral &,, was then given by: 


wt 


L1 ,« 
Qn » constant [ | (ZR)e tet yt a(re |. vy*(1 + uv)?(u—v)¥(1 — uv)? 

171 (f22)38(u -+- v)(u — vjew Le 4d du 
the terms (4/?)*(u + v)(u — v) arising from the expression for the volume element in elliptical 
co-ordinates, and ¢, and ¢, depend on Z, N,, and N,; the factor 2x comes from the integration 
with respect to the angle about the line of centres. 

The maximum value of w, x, y, or z occurring in the calculation was 3, and it was thus a 
simple matter to store in the machine, in the same way as the polynomial parts of the orbitals, 
two tables of u-v polynomials, one corresponding to all possible combinations of (w + 1) and 
(vy +- 1), and the other for all possible combinations of x and z. By use of these tables, therefore, 
the integral reduces to a series of terms all of the general form : 


wo 


+1 
Constant | [ wwe Rohe hitidy du 


. s 


At this stage a human calculator would collect together like terms in u and v to produce a single 
polynomial, but this is not a process that is worthwhile in calculation on the machine; he 
would then proceed to integrate the function, first with respect to v between the limits —1 < v 

1 and then with respect to u from 1 < u < @ to obtain a power series in the argument FR 
which he would then evaluate numerically for the various values of 2. Mechanically, however, 
it is much faster to resort to numerical methods one stage earlier. Hence, before the calculation 
of the series of integrals my Jy and Ky for any given & was begun, the programme constructs d 


a master table of values of the integrals : 


i m! m (— Ri.) m (Rt,)* 
yma Rttdy on -[e%, ¥ kh, 8 
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for that particular value of R, for each possible pair of values of ¢, and /,, and for each possible 
value of m and m that would occur in the u-v polynomials; there were ten possible pairs of 
t, and ¢, which determined the number of values of m and n, the maximum values being eight 
in the present calculation. Returning to the calculation of a specific integral Eye the machine 
would then consider each term of the u—v polynomial in turn, multiplying together its own 
numerical coefficient and the two correct items from the master table of integrals, and adding 
the result to a running total; when every term had been added in, the result was multiplied 
by the correct power of (j/?) and the numerical constant to give the value of &, which was 
stored for future use, and also printed out for checking purposes 

The other two types of integrals were treated similarly : in the case of the Ky integrals, it 
was only necessary to reduce w and (w +- 1) [the exponents of (42) and (u + v)] by one [i.e., 
to divide by r, 4R(u +- v)) before repeating the calculation; for the Jy integrals, both 
orbitals belong to the same atom (A) so that only terms in (uv + v) and (1 + uv) occur, and 
dividing through by 1, 4R(u —v) removes the (u v) term contributed by the volume 
element In other words, Jy and Ky are treated only as special cases of the fy integrals, 

fhis scheme worked very well for the simpler orbitals, but in the inter-4-quantum level &, 
integrals, values as large as 50 were printed out! This was found to be due to a very rapid 
cancellation of significant digits in evaluation of the higher v integrals, so that some of the 


2634 Hybridization in the Ground State of Hydrogen Molecule-ton. 


numbers used were meaningless. Without carrying double- or triple-length numbers, it is 
virtually impossible to overcome this difficulty, so it was decided to evaluate these particular 
integrals numerically, This was done using a 16-point Gaussian integration in the range 

| < v <— 1, which gave answers of very high precision 

Keven with this modification, errors occurred in the calculation of J44, J gaya, and probably 
also in Jaua Since the same routine was used to calculate all 165 integrals, this could only 
be due to a chance cancellation of significant digits in the final answer; this conclusion was 
proved by putting all the integrals in the master table equal to unity when the correct value 
(1282) for Jsi9¢ was obtained. The error in these J integrals (~10%) was not sufficient to 
affect significantly the calculated ground-state energy of the system, the only effect being to 
et the hybridization coefficients. Consequently, we did not undertake the immense task 


Pp 
of searching for the cancellation and correcting it, but instead we confine our detailed discussion 


to the effect of mixing s- and p-orbitals only 


RESULT: 

Ihe dissociation energies and bond lengths for a number of orbital combination 
together with the corresponding values of c; are given in the Table. These values are for 
Z — | and it is obvious that the inclusion of still higher bound states* will never lead to 
the correct dissociation energy of 0-205 a.u. or bond length of 20a). The reason is that 
our wave function does not obey the correct boundary conditions: it should vanish at « 
as e “” whereas the simple Z = 1 function vanishes roughly ase"; this causes the electron 
cloud to be on the average too far away from the two nuclei and the interaction energy 
will always, therefore, be too small. 

Che most interesting conclusion to be drawn from these results is that s-orbitals are 
more important than p-orbitals of the same quantum level. In particular this appears 
in the 2-quantum level where the addition of 2s to the 1s wave function leads to a significant 
improvement in the binding energy, but the subsequent addition of 2p-character to the 
wave function has an almost insignificant effect. (The same is qualitatively true of d 
and f-orbitals : the coefficients of 4d and 4/ are successively less than 4), and their inclusion 
in the total wave function causes only a minute improvement in the binding energy.) 


Orbital coefficients 


; ‘ dD, 

ls 2s 2p 3s 3p f (in atomic units 

1.0000 2-403 O-1297 

1-0076 o1ol4 2-304 01430 

09075 OOS OOLST 2-406 1482 

1-006 O- 1061 0-0447 2-368 ‘1464 

0-0371 O LiL 003908 00-0466 O-U210 2-378 1471 

bold 1078 00-0463 O-0269 2-357 ‘1478 

0-0026 0-1125 O-0350 00-0614 OOol21 O-0809 06-0266 2-368 0-1487 

Actual value: 2-00 0-205 
The values of the coefficients all refer to a distance of 2-4a,, since the character of the hybrid wave 
function does not vary significantly with small changes in distance That some of the coefficients are 
wreater tl unity arises because they are associated with the series of orbitals ®4 which are not 

ort ponai t each other, so that the cross products involving ¢,c, do not vanish 


In principle, the energies of nine orthogonal excited > states can be obtained, but 
owing to the poorness of the above approximation they were not fully investigated. They 
are all highly unstable with respect to a hydrogen atom in its ground state, the first being 
built mainly from 2s, the second from 2, and so on 

rhe energy of the ground state is very readily improved by allowing a variation in Z 
in the wave functions (but not in the actual charges of the two nuclei). A calculation 
similar to approximation no. 5 carried out at R = 2-Oa, and Z 1:25 gave orbital coeffi 
cients similar to those in the Table and a dissociation energy of 02004 a.u.; this is almost 


the same as the energy (0-2016 a.u.) obtained by Dickinson * by considering only 1s and 2/, 
ete hydrogen-atom wave functions do not form*a complete set and the correct descriptior 
ittained if continuum wave functions are included his is inconvenient, both practicall 


neeptually 
{. Shull and Lowdin, /. Chem, Phy 1055, 28, 1362 
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each orbital having a separate value of Z. We see that the physical interpretation of 
Dickinson's wave function in terms of “ polarization "’ is not very convincing, (4) because 
the addition of 2p to the 1s wave function is no more effective than the addition of 2s, and 
(b) because if we take enough orbitals, and vary Z from the chosen value of 1-25, we can 
obviously improve Dickinson’s answer without inventing two values of Z, The variation 
of Z tends to rectify the fact that the wave function does not obey the boundary conditions 
at infinity by bringing the electron a little closer to the nuclei; in effect, what Dickinson 
has done is to choose a very effective non-linear combination of Is and 2 orbitals which 
gives a good representation of the energy with a minimum of computational labour. 


One of us (B. F. G.) was in receipt of a D.S.1.R. maintenance grant when this work was 
carried out. 
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519. Studies of the Strength of Poison-to-catalyst Bonds. Part I, 
Heats of Adsorption of Ethyl Sulphide and Thiophen on Platinum. 


By E. B. Maxtep and M. Joserus 


The differential heat of adsorption of diethy! sulphide and of thiophen on 
platinum has been studied at temperatures at which this adsorption is re- 
versible, Values for the initial adsorption heat of 65—70 kcal. per mole for 
ethy! sulphide, and of about 33 kcal. for thiophen, have been obtained. Thio- 
phen, unlike ethyl sulphide, is known to be stabilised by a resonance energy of 
about 31 keal.; and this observed difference of about 35 kcal, in the respective 
adsorption heats, which is of the same order as the resonance energy of thio- 
phen, may support the view that thiophen, on its adsorption on platinum, 
loses its resonance structure, as has also been suggested for benzene. 


Apart from a general inference that the bonds formed between metallic hydrogenation 
catalysts and typical poisons, such as toxic sulphur compounds, are chemisorptive in 
character and that the strength of the poison-to-catalyst links must be high, little is known 
as to their actual bond strength. The chemisorptive nature of the bonds follows from the 
specificity of poisoning, in that toxicity towards platinum or similar catalysts is limited to 
specific structures in the poison molecule, including, in the case of a molecule containing 
sulphur or another inherently toxic element, the possession of a suitable electronic con 
figuration in its valency shell. The probable relatively high strength of the bond to the 
catalyst, compared with the bond strength of an ordinary reactant—such as an unsaturated 
substance in catalytic hydrogenation——may be inferred from the poisoning effect itself, 
since catalyst poisoning in its simplest form can be regarded as an extreme case of com 
petitive adsorption in which what is usually a very small concentration of the poison 
competes effectively and obstructively for the occupation of catalyst surface with a fat 
larger concentration of a normal reactant. On the other hand, recent observations of the 
reversibility of the adsorption of typical catalyst poisons, in that these can be desorbed 
rather unexpectedly easily into the liquid or gas phase,” suggest that the measured strength 
of poison-to-catalyst links will not be too high, ctherwise poisons could not be easily 
desorbed. It should be noted that the above remarks apply only to poisoning at room or, 
at any rate, not too high temperatures, since poisoning at high temperatures may result in 
the decomposition of the adsorption complex. ‘This is best known in the case of sulphur 
compounds on nickel, in which the rearrangement of the adsorption complex leads to the 
disappearance of this reversibility by the formation of nickel sulphide, All the present 
measurements have accordingly been made on platinum at temperatures not far removed 


' Maxted and Morrish, /., 1940, 252, and succeeding paper 
* Maxted and Ball, /., 1952, 4284; 1953, 3153; 1954, 2778; Maxted and Josephs, /., 1956, 264 
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from room temperatures and under conditions which are known from previous work to 
correspond to an easy and complete reversibility. 

Heats of adsorption provide a convenient basis for a preliminary assessment of the order 
of magnitude of such bond strengths, since they represent, in a reversed sense, the energy 
required for the rupture of the poison-to-catalyst bond in the absence of complicating 
factors such as intramolecular changes in the nature of bonds within the poison molecule 
itself or in the bonding of the metallic surface element or elements involved to the remainder 
of the metallic lattice. 

In the work now described, adsorption heats, on platinum, for diethyl sulphide and 
thiophen have been studied, these two substances being chosen as typical sulphur-containing 
poisons which are known to be reversibly adsorbed. An interesting secondary point also 
arises with these two poisons, since thiophen,* unlike ethyl sulphide, has a resonating 
structure stabilised by a resonance energy of about 31 kcal. The point in question may be 
developed as follows. It has been suggested tentatively by Smith, Alderman, and Nadig,* 
on the basis of regularities in the relative hydrogenation rates of a series of compounds 
containing a benzene ring, that the resonance in this ring is destroyed on its adsorption on 
platinum. If this is the case, and if the same effect occurs in the adsorption of thiophen, 
the experimentally determined apparent heat of adsorption of thiophen on platinum should 
(an approximately equal strength being assumed for the sulphur-to-platinum adsorptive 
bond in the case of both thiophen and of ethyl sulphide) be lower than the measured heat 
of adsorption of ethyl sulphide—which has no resonance complication—by a value equal 
to the resonance energy of thiophen since, with thiophen, 31 keal. of the real adsorption 
heat would be absorbed in raising the thiophen from its more stable, and consequently 
lower, energy level corresponding to its stabilisation by resonance and would accordingly 
not appear as a rise in temperature. This effect would be somewhat similar in character 
to that observed by Kistiakowsky et al, in their well-known work on the heat of hydrogen- 
ation of benzene; and the observation of such a difference between the measured heat of 
adsorption of ethyl sulphide and of thiophen would indicate this presumed loss of resonance 
by thiophen on its adsorption on platinum and would indeed constitute additional evidence 
for the reality of resonance itself. It was found in the present work that the initial differen 
tial heat of adsorption, t.¢., the heat for the first small increment of poison put on to the 
metal, was 65—-70 kcal. for ethyl sulphide and about 33 kcal. for thiophen, the difference 
being about 35 kcal., which is of the same order as the resonance energy of thiophen. 


EXPERIMENTAL 

ipparatu Ihe calorimeter used is shown in Fig. 1. It consists of two sections which, for 
clearness, are drawn separately. In Section I, A is a calorimeter bulb which, in the measure 
ments, contained about 12 g. of platinum black, this bulb being blown as thin in the wall as 
possible in order to have a minimum heat capacity, and the remainder of the apparatus being 
of thicker glass in a manner similar to that previously used in an earlier calorimeter for the 
determination of the heat of adsorption of ethylene,* The adsorption bulb was surrounded by 
a vacuum jacket B, for thermal insulation during a heat measurement. This jacket could, 
alternatively, also be filled with air at atmospheric pressure when thermal conductivity was 
required in the initial adjustment of the platinum to the temperature of the thermostat bath in 
which the calorimeter was immersed, the bulb A being filled with helium and both the air in 
the jacket and the helium in the adsorption bulb being removed by high-vacuum pumping 
before the adsorption-heat measurement, for which the platinum has of course to be thermally 
insulated from the thermostat. In this evacuation process, it was necessary at all times to 
avoid appreciable pressure differences between A and B in order to preclude a possible collapse 
of the thin adsorption bulb. An extension C carried a closed tube into which was inserted the 
cold junction of the thermocouple system used for measuring the rise in temperature during an 
adsorption of a known small increment of poison. 

* Pauling, “ Nature of the Chemical Bond,” Cornell Univ. Press, New York, 1939, p. 130 

‘ Smith, Alderman, and Nadig, /. Amer. Chem, Soc., 1945, 67, 272 

Kistiakowsky, Kuhoff, Smith, and Vaughan, ibid., 1935, 67, 876; 1936, 58, 137, 146 
* Maxted and Moon, Trans. Faraday Soc., 1936, 32, 1375. 
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Section II (drawn on a larger scale), which was inserted as a stopper into Section I, carried 
three tubes, closed at the lower end. Of these, the central tube D served as a thermocouple 
pocket and was thin-walled for about an inch from its lower end which, when in position, occu- 
pied a position within the spherical adsorption bulb containing the platinum in such a way that 
the hot junction of the thermocouple was situated centrally within this bulb. Both couples, 
1.e., both the hot and the cold junctions, consisted of twin, series-coupled copper—constantan 
units, the rise in temperature during an adsorption being measured by means of a reflecting 
galvanometer, the original high sensitivity of which was amplified by the optical projection of 
the image of cross-wires on to a distant recording drum. 

The remaining tubes E and F carried an electrical heating unit, G, by means of which the 
heat generated during the adsorption of a known increment of poison could subsequently be 
simulated and assessed by releasing, within the platinum, an adjustable and accurately known 
quantity of electrically generated heat. This unit consisted of a thin platinum heating filament, 
coiled into the form of a hollow spherical shell having half the radius of the adsorption bulb and, 


Fie. 1, 


when in position, disposed concentrically within this bulb in such a way that the length of the 
path to be travelled by the heat to the thermocouple during an electrical simulation was equal 
to the average length of path travelled in an adsorption, on the assumption that adsorption 
occurs uniformly within the mass of platinum black, which assumption is, however, not quite 
true. The coils of this spherical heating filament were carefully covered with the thinnest 
possible coating of glass, applied by high-temperature painting, for insulation from the platinum 
black; and the euds of the heating coil were welded on to thicker copper leads passing through 
the sealed lower ends of the tubes E and F, in order to concentrate the production of this 
electrical heat into the region within the platinum black. 

The calorimeter was immersed in a thermostat bath; and, in addition, all pertinent sections 
of the apparatus, including the calorimeter and its thermostat, were enclosed in a large constant- 
temperature box for further temperature control. The complete apparatus included provision 
for the addition of known volumes, at known pressures, of the vapour of the poisons used, the 
course of the adsorption being followed by the change in pressure indicated by a sensitive 
Bourdon-type spiral pressure gauge, the movement of which was, as in the temperature-measur 
ing system, projected optically on to a distant scale, the changes in pressure and temperature 
in the course of each determination of an adsorption heat being measured simultaneously. The 
apparatus could, when required, be evacuated by a normal high-vacuum pumping system; and 
a limb, which could be cooled in liquid air, was also provided for ‘cold limb" pumping. The 


47 
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latter method of pumping was known to be very effective for the removal of poison from the 
platinum black, in the manner already described in our previous paper, and it was used when 
this removal was required before starting a fresh set of heat measurements. 

Hydrogen diluted with nitrogen was used, followed by re-evacuation, for the necessary initial 
removal of adsorbed oxygen from the platinum as first placed in the apparatus. Helium was 
employed both for the initial calibration of the volume of various sections of the apparatus and 
in order to bring the gas conductivity within the adsorption bulb—during an electrical simulation 
of an adsorption heat—up to approximately the same value as the average conductivity during 
the previous adsorption run, Keservoirs containing krypton and nitrogen were sealed to the 
apparatus for the measurement of the surface area of the platinum by the B.E.T. method. 
Where mercury-filled pressure gauges were used, and also in connection with the mercury 
diffusion pump, possible access of mercury vapour to the platinum black was prevented by 
means of traps containing gold leaf and cooled in liquid air. The surface area of the platinum 
black used as the adsorbent was found to be 6-59 m.*/g. in B.E.T. measurements with krypton 
and 7-05 m.*/g. with nitrogen, in each case at — 182°, This difference is not unexpected, since 


Fic. 2. Fic. 3. 


t.«0* 


“a. 
Powson 0 
M0 


0 
Amount adsorbed (10 * mole) 
1, Il, Ethyl sulphide. Ill, 1V, Thiophen. V, Hy. A, Ethyl sulphide. B, Thiophen 


estimated areas based on nitrogen adsorption are known usually to be somewhat greater than 
those based on krypton, 

Heats of Adsorption of Diethyl Sulphide and Thiophen.Before measurements were started 
with poisons, the general working of the apparatus was tested by determining the heat of 
adsorption of hydrogen, These measurements gave an initial adsorption heat of from 18 to 20 
keal, in a number of runs, in conformity with the accepted value 

The heat determinations with poisons were carried out at 27° and at 0°. The results 
obtained at these two temperatures are discussed separately, 

(1) Determinations at 27°. The results at this adsorption temperature are summarised in 
Vig. 2. In this, curve I represents an initial series with ethyl sulphide on platinum which had 
not yet been brought into contact with poison, In determining the successive points on the 
curve, the poison vapour was added in successive small known increments, with concurrent 
measurements of the amount adsorbed and of the corresponding temperature rise, plotted in 
each case against the time, In general, the smal! increments used were rapidly and substantially 
completely adsorbed, within the limits of sensitivity of the spiral pressure gauge by means of 
which the course of the adsorption was followed, Individual subsequent electrical simulations 
of the heat effect produced by the absorption of the poison increment were used at each point 
on the curve. Curve II, also with ethyl sulphide, was determined after the completion of curve 
I, the poison absorbed during the previous series being first removed from the platinum by 
desorption im situ by cold-limb pumping. It will be seen that the points on this curve are 
consistently lower than those of curve I, probably owing to a not quite complete removal of 
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the poison between the two series. When extrapolated back to zero, these two curves give 
values, respectively, of about 70 and 65 keal. per mole of ethy! sulphide for the initial absorption 
heat, the former value being preferred since the poison may not have been completely removed. 

In order to ensure the removal of poison before starting the measurements with thiophen, 
the platinum was taken out of the calorimeter and thoroughly revived by long-term desorption 
of the poison into the liquid phase according to a standard procedure which has been used for 
several years in this laboratory and is known with certainty to lead to complete removal of 
poison, The platinum treated in this manner, on being replaced in the calorimeter, gave heat 
values for the adsorption of thiophen shown in curves III and IV, these two representing two 
successive series of adsorption heat measurements, with prolonged desorption of the thiophen 
in situ by cold-limb pumping. It will be seen that, with this improvement in the removal of 
poison between series, the two successive curves are substantially identical and lead to an initial 
heat of adsorption of about 33 kcal. for thiophen. 

Curve V represents a heat of adsorption series obtained with hydrogen as a reference gas. 

(ii) Determination at 0°. Whereas the heat of adsorption plots at 27° had shown an approxi- 
mately linear fall in the adsorption heat over the adsorption range studied, the plots both for 
ethyl sulphide and for thiophen, on lowering the adsorption temperature to 0°, were found to 
have an appreciable curvature from the start, with progressive increase of this curvature away 
from the heat axis with increasing coverage. This is shown in Fig. 3. The modified form of 
the plots at 0°, which represent the greatly increased weight of a curvature factor which may 
be present, although to a far less noticeable degree, in the very nearly linear plots at the higher 
temperature; does not lend itself to an accurate extrapolation of the heat values to initial 
poison concentrations; and these lower-temperature curves can accordingly only be regarded 
as providing secondary evidence for the value of the initial adsorption heat. Thus, as is shown 
in the Figure, these curves can reasonably be extrapolated back to the same initial heat values 
as have been found by the more satisfactory plots of Fig. 2 

In addition to the chemisorption which is responsible for the toxicity, the total adsorption 
even of a small increment of the vapour of a volatile poison almost certainly contains some 
van der Waals component, the weight of which increases with a decrease in the temperature and 
with an increase in the coverage; indeed, it is probable that the adsorption even of a small 
increment is primarily physical, this type of adsorption, which has no activation energy, under 
going a transition into chemisorption at a rate controlled by the activation energy of the chemi- 
sorptive form of bonding which, for many reasons, is that involved in true poisoning. This 
transition will occur more rapidly at higher temperatures and will indeed not be noticed if it is 
sufficiently fast. This may explain the curvature and the increased rate of fall of the adsorption 
heat with the coverage observed at 0°, since the heat of any physical adsorption is of course low, 
With this point in view, an attempt was made to determine the adsorption heats at 50°; but 
the apparatus, mainly én account of lubricated joints, was unsatisfactory for work at temper- 
atures much above atmospheric, and modifications are being made which it is hoped will make 
possible the calorimetric study of higher-temperature poisoning. Excessively high temper- 
atures, above the region of the complete reversibility of the adsorption of the poison, cannot of 
course be used on account of the decomposition of the poison under such conditions, 
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520. The Pyrolysis of Chloroalkenes. Part I11.* The Molecular 
Mode of Decomposition of the \ : 2-Dichloroethylenes. 


sy (Miss) A. M. Goopatt and K. E. Howrerrt. 


Gas-phase pyrolyses of both the cis- and the trans-isomer oi 1: 2-di- 
chloroethylene have been studied. These compounds decompose to give 
hydrogen chloride and monochloroacetylene, the kinetics of both dehydro- 
chlorinations being identical, Free-radical chains play an important part 
in the overall reaction, but in the presence of the inhibitors, propene, 
n-hexane, and n-pentane, there is a residual reaction which has been identified 
as 4 unimolecular process. The reaction has been studied over the tem- 
perature range 360-——-475° and over the initial pressure range 31478 mm. 
Variations of the parameters of the Arrhenius equation with initial concen- 
tration have been observed, and the effect of “ inert '’ gases has been investi- 
gated. The findings are discussed in connection with current theories of 
unimolecular reactions, 


In Part IJ,) the molecular and chain modes of decomposition of trichloroethylene were 
described, The molecular part of this dehydrochlorination was of second order at a 
pressure of 40 mm., but owing to experimental difficulties it was impossible to investigate 
the process over a wide pressure range. Sufficient information could not, therefore, be 
obtained for a quantitative application of any of the mathematical treatments of uni- 
molecular reactions. The decomposition of a hexatomic molecule such as trichloroethylene 
is of considerable interest in view of the prediction * that only molecules containing six or 
more atoms will show fully developed first-order kinetics for their unimolecular 
decompositions at reasonable working pressures. We have therefore studied the thermal 
dehydrochlorination of the 1: 2-dichloroethylenes in the hope that the experimental 
pressure range could be widened and a quantitative treatment of the results attempted. 


EXPERIMENTAL 


Apparatus and Materials,—-The kinetic measurements were performed ina static apparatus, and 
larger-scale product analyses were made by using a flow apparatus (cf. PartI *), Pure specirnens 
of the 1: 2-dichloroethylenes were prepared from the commercial mixture. This was shaken 
successively with concentrated sulphuric acid (four times), water, aqueous sodium hydrogen 
carbonate, and water, After drying (MgSO,), the isomers were separated by repeated fractional 
distillation until separate components having boiling ranges of less than 0-1° were obtained, 
We believe our compounds to be of good purity and we have therefore characterised them rather 
fully rhe trans-1; 2-dichloroethylene had b. p. 47-36° (corr.), n®? 1-4462, d® 1-2551 g. cm.*, 
10*y 0-533 c.g.s. unit, log\5 Punm) (— 6° to 50°) = 16-289 1932/T —2-946 logy,7; cis- 
1: 2-dichloroethylene had b. p. 60-25° (corr.), ni? 1-4495, dj? 1-2830 g. cm.-*, 10% -—0-542 
C.g.8. UNIt, LOK 19 Pun) (— 6° to 60°) 22-807 —2314/T — 5-147 log,, T. 

All experiments were carried out in seasoned reaction vessels whose walls were covered 
with a carbonaceous film. The kinetics of the reactions were followed by analysis for hydrogen 
chloride in the reaction products, since, with this type of decomposition, pressure measurements 
have been shown to be unsatisfactory..* The results refer therefore to dehydrochlorination 
processes only 

Argument and Results.-Before carrying out a detailed examination of the kinetics of the 
thermal decompositions of the 1: 2-dichloroethylenes it was important to determine, first, 
whether the isomers reacted at the same or different rates, and second, whether or not the 
reactions had reached completion when one molecular proportion of hydrogen chloride had 
been eliminated. There are good reasons for believing that the isomers undergo molecular 
elimination of hydrogen chloride at equal speeds. The transition state for unimolecular 


* Part Il, /., 1954, 2599 
' Goodall and Howlett, J., 1954, 2699 


* Slater, Phil. Trans., 1053, 246, A, 57 
* Goodall and Howlett, /., 1954, 2596; see also Goodall, Thesis, London, 1955. 
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decomposition from either isomer must be akin to the frans-compound, Now the rates of 
interconversion * of the 1 : 2-dichloroethylenes, without decomposition, in the region of 290-——~ 
330°, suggest that the rate of equilibration, starting from the trans-isomer, is rapid in the tem- 
perature range in which the pyrolytic work has been performed. Since the reverse reaction 
(cis ——» trans) is of similar velocity,® our reactant should be virtually an equilibrium mixture 
of the geometrical isomers, regardless of which one is admitted to the reaction vessel. Therefore 
the measured kinetics of the pyrolysis should be independent of which compound is used. 

A direct confirmation of this disparity between the rates of isomerisation and dehydro- 
chlorination was made at 428° by static experiments similar to those used by Jones and Taylor.* 
About 200 mm. of trans-1 : 2-dichloroethylene were admitted to the reaction vessel, and then 
condensed after a short, known length of time into a trap surrounded by liquid air. The 
refractive index of the product was found, and the extent of isomerisation calculated by assuming 
that the relation between refractive index and composition of the product mixture was linear, 
These results were not very precise but the mean first-order rate constant for isomerisation 
found from some 20 runs was 2 x 10% sec.'. Extrapolation of Jones and Taylor's Arrhenius 
plot indicates an even greater rate constant at 428°. Our result for this rate constant will be 
seen later to be more than 100 times the constants for molecular dehydrochlorination at this 
temperature. The latter therefore always refer to pyrolysis of the equilibrium mixture of 
isomers, It was found later that rate constants for molecular decomposition from either isomer 
could be fitted to the same Arrhenius plot, so that, in fact, even for the slowest observed mode 
of decomposition, the velocity constants for pyrolysis of cis- and trans-1 : 2-dichloroethylene 
are indistinguishable. 

It has been reported* that one of the products, monochloroacetylene, unlike dichloro- 
acetylene,} is fairly stable, and we have confirmed this in various ways. In long-term kinetic 
experiments, of duration about 40 half-lives of the uninhibited decomposition, or about 4 
half-lives for the maximally inhibited reaction, approximately | mol. of hydrogen chloride was 
produced per mol. of reactant except at the highest temperatures. This is illustrated in Table 
1, and was confirmed by flow experiments (see Table 2) in which there was reasonable agreement 
between the yields of hydrogen chloride and monochloroacetylene * at moderate flow speeds 


TABLE I. 


Temperature 
Pressure range investigated (mm.) 
Mean yield (%) of HCl 


TABLE 2. 


Temperature 430° 430° 430° 
Estimated hot contact time (sec.) ... 30 60 120 
C,HCI1/HCI (found) . 0-59 0-57 


In the latter experiments the preponderance of hydrogen chloride at low temperatures and slow 
rates of flow can be attributed to partial polymerisation of monochloroacetylene. (The low 
increases in pressure in the static experiments are consistent with a certain degree of poly- 
merisation of monochloroacetylene,) Cracking of monochloroacetylene must also occur at 
high temperatures. These experiments prove that the initial products are equimolecular 
proportions of hydrogen chloride and monochloroacetylene 

The evidence suggests that in kinetic studies of the early stages of pyrolysis there are not 
likely to be complications due to further reactions of the initial products or to an approach to 
a measurable position of equilibrium, The rate constants quoted in Tables 3, 7, and 8 are 
either obtained from initial rates or measured over the first 20°, of reaction. 

The kinetic measurements showed that the reaction was complex, since curves co-ordinating 
the yield of hydrogen chloride with time were sigmoid, the length of the induction periods being 
dependent on both temperature and concentration of reactant. The effect of propene on the 
course of the decomposition was therefore studied. The reaction was strongly inhibited by 
small amounts, and the rate constant was reduced to a limiting value which was practically 
insensitive to variations in the pressure of propene over the range 5-20 mm, The maximally 


* See ref. 1 for method of analysis for monochloroacetylene 
* Jones and Taylor, /. Amer. Chem. Soc., 1940, 62, 3480 

* Cf. Pitzer and ram ee ihbid., 1954, 76, 1493. 

* Bashford, Emeléus, and Briscoe, /., 1938, 1358. 
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inhibited reaction showed a marked variation of order with initial pressure of dichloroethylene, 
The order was approaching 2 at 30 mm. and was almost unity above 200 mm. although hk, 
had not been attamed at 500 mm. 

More extensive inhibition studies were made by using n-hexane as inhibitor. In this case 
the rate of dehydrochlorination was reduced to a limiting value slightly higher than that found 
with propene as the inhibitor. Also the rate was found to be sensitive to quite small changes 
in the inhibitor concentration. This point receives attention below. The mechanism of 
inhibition of dehydrochlorination reactions by paraffins, which has been noted before,! has not 
been investigated, It is possible that the competing reaction is one of attack by a chlorine 
atom on the inhibitor molecule. Such processes are known to be fast.’ 

The least possible amount of n-hexane necessary for complete suppression of radical activity 
being used, the initial rates of dehydrochlorination of 1: 2-dichloroethylene were found over 
wide ranges of temperature and pressure, Since no simple order could be used to express the 
results, arbitrary first-order velocity constants were calculated from the initial rates. Kinetic 
experiments were also carried out in a packed reaction vessel. No appreciable difference in 
the speed of reaction was observed on increasing the surface/volume ratio from 1-7 to 22 cm."}, 
and the actual surface available from 300 to 2700 cm.*. Therefore the pyrolysis of 1 : 2-di- 
chloroethylene is a homogeneous reaction, The temperatures, initial pressures of reactant, 
and mean velocity constants for all experiments on the maximally inhibited reaction are given 
in Table 3 
TABLE 3. Mean values of 10®k (sec.-*). 

With propene as the inhibitor. 
P, (mm.) 
123 152 188 2 332 478 
444-5 2°7 + 510 617 6-68 , 8-26 9-79 
161 


Temp 


With hexane as the inhibitor 


Po (mm.) 
Tremp ‘A 
305 
407 
410 
425 2-74 
444)! 5-36 
Oi 
462 9-54 
475 19-8 


* Denotes packed reaction vessel used, 


For each initial pressure the results have been summarised by the method of least squares. 
It is observed that both the energy of activation and the non-exponential term fall with de- 
creasing initial concentration of dichloroethylene, The values of the Arrhenius parameters 
are given in Table 4 
TABLE 4, 

pf, (mm) ...... ; y 321 239 

i (keal, mole™') . 2- 50-2 45-6 

11-57 9-09 


The only simple mechanism which accounts for these results is that the residual reaction is 
unimolecular, A criterion for this kind of mechanism is the influence of “‘ chemically inert ’’ 
gases on the speed of reaction. The maximally inhibited reaction in the presence of other 
gases was therefore studied. The first gas to be tried was diethyl ether which had been purified 
over sodium and stored in vacuo over quinol, In a series of experiments at 428°, a few mm. of 
n-hexane were 2dmitted to the reaction vessel, and this was followed rapidly by 123 mm. of 
dichloroethylene and a known pressure of ether. The yield of hydrogen chloride was found in 
the usual way. Calculated first-order constants were found to increase steadily with increasing 


’ Pritchard, Pyke, and Trotman-Dickenson, /, Amer. Chem. Soc., 1955, 77, 2629 
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pressure of ether. The mean results, given in Table 5, show that diethyl ether does appear 
to act as a physical accelerator for the molecular decomposition of 1 : 2-dichloroethylene, 


Pressure of ether (mm.) 
Mean 10°k (sec.~') 


First-order constants for runs in which propene was the inhibitor showed that true first- 
order kinetics were being approached above an initial reactant pressure of 500 mm. This 
range was inconveniently high with the present apparatus and thus an indirect method of 
reaching k, was sought. Diethyl ether was an unsatisfactory physical accelerator at high 
pressures because it decomposed to give products which were not readily condensable in liquid 
air.*® It has aiready been remarked that the 
maximally inhibited rate observed with n-hexane 
as inhibitor was invariably higher than the 
corresponding rate in presence of propene. It is 
difficult to think of any chemical effect which 
would produce this result. It is more probable 
that it is due to an energy-transfer phenomenon, 
because hexane should be a more efficient 
accelerator than propene by virtue of its greater 
number of degrees of freedom. This explan- 
ation is also consistent with the variation of 
rate constant with partial pressure of n-hexane. 
For various reasons, however, it was impractic- 
able to investigate the effect of a wide range 
of pressures of hexane on the rate of dehydro- 
chlorination. In order, therefore, to determine 
k,, and to obtain information regarding energy 
transfer, the effect of n-pentane on the pyrolysis 
of 1: 2-dichloroethylene was _ investigated, 
n-Pentane proved to combine the properties of 
an efficient radical-chain suppressor and a 
molecular accelerator, This is probably the first 
deliberate attempt to use one compound as @ 0 z 3 rT, 749 157 
simultaneous inhibitor and physical accelerator. 10°/T 
In Table 6 it is shown that at 456° the rate in the 
presence of pentane passes through a minimum Values of p, (mm): (),@; @, 321; 
as the hydrocarbon concentration is increased. O, 230; @, 123; A, 0; A, 31. 

These experiments consisted of allowing 46 mm, 

of dichloroethylene to decompose for 18 min, in the presence of various amounts of n-pentane, 
The volume of 0-01N-sodium hydroxide solution required to neutralise the products is tabulated, 
It is clear that minute amounts of pentane are required for complete inhibition, because in the 
experiments marked with an asterisk the rate constants are similar to those obtained when 


TABLE 6. 
P(CH ys) (mm.) 0 ° ° 0-6 14 a0 
Titre, 0-O1nN-NaOH (c.c.) 5°24 0-70 0-62 ool O97 1-00 
* In these experiments the vessel was flushed out with pentane and quickly evacuated before 
admission of reactant. 


using propene as inhibitor. The inert-gas accelerating effect, however, is also intense and is 
apparent at quite low pressures. 

Most of the experiments with n- pentane were therefore aimed at finding the true value of k,.. 
Various proportions of substrate and additive were used, and provided that a sufficiently large 
quantity of pentane was employed, the velocity constant was independent of the initial pressure 
of dichloroethylene. This limit was near the approximate limit reached in experiments using 
ether as accelerator, and was also in harmony with the maximally inhibited rate constants using 
high partial pressures of reactant. This is good evidence for assuming that the rate constants 


* Cf. Hinshelwood, Proc. Roy. Soc., 1927, 114, A, 84 
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found at high pressures of pentane were those corresponding to the fully developed first-order 
region of the reaction, The results found at 428° when using a constant initial pressure of 
123 mm, of dichloroethylene are given in Table 7, 


TABLE 7. 


pIC,H,,)(mm.)... 6 76 Il 18 28 48 62 >70 
Mean 10*h (sec,~*) 740 8°58 9-42 10-7 10-3 9-9 10-8 10-9 


The experiments were repeated at other temperatures, and the values of k,, are given in Table 8. 
The Arrhenius parameters obtained from these results are incorporated in Table 4, It may be 
noted that, whereas the rate constants given in Table 3 fall quite close to straight Arrhenius 
plots, the k,, values are more liable to error. The logarithms of all the rate constants given in 
Tables 3 and 8 are plotted against 1/7 in the Figure, and it is seen that the values of log,, hk, 
may be up to 0-1 unit off the line. 


TABLE 8. 


Temperature 359° 380° 
Mean 10° (sec,~*) 0-173 1-10 


DISCUSSION 


The three compounds propene, n-hexane, and n-pentane are all strong inhibitors of 
the free-radical decomposition of 1 : 2-dichloroethylene. It is probable that all the reported 
kinetic results refer to reactions in which chain processes are completely suppressed but 
different degrees of physical acceleration occur. This is supported by the fact that, with 
very small quantities of propene and pentane, the same maximally inhibited rate constants 
are obtained for the dehydrochlorination. Although the rate constants found by using 
the poor physical accelerator propene are slightly lower than those obtained with hexane, 
the latter experiments are the more extensive and the discussion centres mainly on them. 
These results do not quite refer to the unassisted molecular reaction but will be treated 
as such. The inhibited reaction is almost certainly unimolecular because the reaction 
order varies with pressure between 1 and 2. Some novel features, however, are presented. 

Experiments with ether as an inert gas showed that it is 2—3 times as efficient as 
1] : 2-dichloroethylene for transferring energy in collision. With pentane, however, this 
efficiency factor is about 25. Such a high value is most unusual—few values exceeding 
unity are recorded, but it is obviously connected with the deliberate choice of the small, 
hexatomic reactant and the more structurally complex inert gas. By using this efficiency, 
k,, results were obtained, and the critical pressure region for the unaided unimolecular 
decomposition estimated to be about 1000 mm. This is supported by the trend of the rate 
constants obtained with high pressures of reactant. The value of 25 for the efficiency 
factor has important consequences. If the effective collision diameter for the transfer of 
large amounts of energy by pentane is taken as the kinetic-theory diameter, then the 
corresponding diameter involving 1: 2-dichloroethylene is 1/4/25 of the kinetic-theory 
diameter (i.¢., effectively o 20-8 x 10°% cm.). This diameter and the effective number 
of classical oscillators (4m) storing energy in the molecule are required for the application 
of the unimolecular reaction theory of Rice and Ramsperger.® It is desirable to estimate 
« and » independently of the actual “fit” of the theory to the experimental results.!° 
At least 4 methods are available for the determination of n. These are : 

(a) The specific heat C,° of either dichloroethylene in the relevant temperature range 
is 23-—24 cal. ;° n would be expected to be about two-thirds of this, #.¢., ~16. 

(>) If the Rice-~Ramsperger model is used, then the difference in activation energy 
between the fully developed first- and second-order regions is (n — 3)RT/2."  k,, has 
been reached by using pentane, whilst at 31 mm. the reaction order in the presence of small 
quantities of hexane is approaching 2. The observed activation energy difference between 
these extremes is 10,200 cal. mole™!. This corresponds to m = 17. 

* Rice and Ramsperger, ], Amer, Chem. Soc., 1927, 49, 1617. 


' Cf, Howlett, /., 1952, 3605 
't Ramsperger, Chem, Rev., 1932, 10, 27. 
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(c) The critical pressure region has been estimated to be at 1000 mm. This may be 
used in conjunction with « = 0-8 x 10°* cm. in Hinshelwood’s method ™ of estimating . 
The result is 14. 

(2) Slater * suggests that for constant values of k/k,, PT-* is constant, if m is the 
effective number of vibrational modes of the molecule. Our results are insufficiently 
precise to obtain constant values for this function, but at the middle of the pressure range 
the value derived for mis 15. The same figure is obtained by applying formula (53)-—-(55) 
of Slater’s paper to the activation-energy difference between the first- and second-order 
decompositions. Since mn this result supports the other estimates for » and shows 
that the treatments are consistent. 

The variation of the unimolecular rate constant of the reaction with pressure has been 
calculated by the method of Rice and Ramsperger.* Computations were made, by applying 
equation 19 of Rice and Ramsperger’s paper, for JT = 701° kK, and using &,, = 0-000109, 
o = 08 x 10°% cm., and# = 15. Table 9 compares the results with the experimental 
results. Since the variables have not been adjusted in order to obtain correspondence, 
the agreement is reasonable. 


TABLE 9. 
p(mm.) 3: 239 


7.9 


10°k', calc. (sec.~') . ° 7.9 
10°k', expt. (sec.~') . . 6-6 


One of the main objectives in this work was to obtain a value for the critical-pressure 
region for unimolecular dissociation of a hexatomic molecule. The estimate of 1000 mm. 
compares favourably with Slater's prediction * of about 2atm. Although a full application 
of Slater’s theory presents difficulties, some aspects may be considered. The non-exponen- 
tial term of the Arrhenius equation for k,, is 10!*°*. Slater's model requires this quantity 
to be a weighted mean of the vibration frequencies. For trans-1 : 2-dichloroethylene the 
frequencies range * 1% from 10'%* to 10!*87, or possibly™ to 10%, It is significant 
that the lowest frequency, the B, type v4», is the one most closely allied to the formation 
of the activated complex. A heavy weighting of this frequency would mean that the 
experimental non-exponential factor does not differ markedly from the theoretical figure. 

It was shown in Part II? that at 40 mm. the molecular decomposition of trichloro- 
ethylene is in the second-order unimolecular region, The fact that the low-pressure rate 
constants obtained with 1 : 2-dichloroethylene were increased in the presence of excess of 
pentane suggests thai a similar inert-gas effect should be observable for the pyrolysis of 
trichloroethylene. It has now been shown that m-pentane also acts as a radical-chain 
inhibitor and a physical accelerator for this reaction. In Table 10 the maximally inhibited, 


TABLE 10. 
piCH,,) 10% D(C Hy) 10*k PIC SH 4) 10% 
Temp. (mm.) (sec~! moletl) Temp. (mm.) (sec.'mole'!.) Temp. (mm,) (see.“* mole), 
409" 10 4-0 409° 109 10-5 424° 37 117 
409 20 5-6 409 182 12-7 424 69 145 
409 34 71 424 10 82 424 100 17-6 
409 65 87 


p(C,HCl,) = 42-5 mm. throughout. 
The rate constants for the maximally inhibited decomposition of trichloroethylene are calculated 


from Part II to be kygg = 4:2 K 10°, hygy = BI XK LO 


second-order rate constants, calculated from the results given in Part II," are compared 
with the apparent second-order constants obtained when trichloroethylene is pyrolysed 
in the presence of n-pentane at 409° and 424°. This result confirms the conclusions of 
Part II. Another satisfactory point concerns the non-exponential factors for the molecular 
decompositions of the di- and tri-chloroethylenes. On Slater’s model these terms should 


4 Hinshelwood, ‘‘ The Kinetics of Chemical Change,” Oxford, 1940, p. 80. 
18 Bernstein and Ramsay, /. Chem. Phys., 1949, 17, 556. 
“4 Luft, J. Phys. Chem., 1955, 68, 573. 


2646 Cox and Peacocke: Electrometric Titration of the 


be similar. For this comparison we took the calculated first-order constants of dichloro- 
ethylene decomposition for the lowest pressure range where the order is approaching 2 and 
divided them by the concentrations to obtain true second-order constants. The resulting 
non-exponential term (10''*) is close to the corresponding figure for trichloroethylene 
(1034 08) 

It may be concluded that the molecular dehydrochlorinations of chloroethylenes may 
be broadly explained in terms of the older statistical theories of unimolecular reactions, 
but that Slater’s powerful treatment is capable of giving a more: detailed physical 
significance to the Arrhenius parameter. 


We thank Dr. V. C. G. Trew for the determinations of the magnetic susceptibilities of the 
1; 2-dichloroethylenes, Part of the work described in this paper was carried out while one of 
us (A. M. G.) was in receipt of a D.S.1.R. maintenance award. 
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521. Llectrometric Titration of the Sodium Salts of Deoxyribonucieic 
Acids. Part IV.*  Denaturation by Heat in Aqueous Solution. 


By R. A. Cox and A. R. PEAcocKeE. 


A method is described whereby the fraction of hydrogen bonds in sodium 
deoxyribonucleate which have been permanently ruptured in any denaturing 
process may be determined from the progressive displacement of the forward 
titration curves over the pH range 7—3. This method, applied to the 
denaturation caused by heating solutions of herring-sperm deoxyribonucleate 
for one hour at various temperatures, indicated random rupture of the 
hydrogen bonds, No hydrogen bonds were broken until the temperature 
exceeded 75°, whereafter denaturation was extremely rapid. There was a 
linear relation between the fraction of hydrogen bonds permanently broken 
and the increase in ultraviolet absorption caused by heat, 


WueEN sodium deoxyribonucleate is heated in neutral aqueous solution, irreversible changes 
occur above a critical temperature which varies with the source of the deoxyribonucleate # 
and its method of extraction.™ These irreversible changes, which often take place over 
a temperature range of only a few degrees, include: a drop in the viscosity ;*? an increase 
in the ultraviolet absorption;*7 a displacement of the spectrophotometric titration 
curves ;* the appearance of new infrared absorption bands ;* changes in sedimentation 
constant ;*%* and displacement of the titration curves.” Some investigators deduced 
a decrease in molecular weight from sedimentation and viscosity measurements after the 
nucleate had been heated in water,®™ and in salt,* whereas others reported #1 no change 
in molecular weight after heating in the presence of sufficient sodium chloride. A similar 
‘‘ protective "' action of salt has also been observed in studies of the changes in ultraviolet 
absor ption. 1 

In terms of the double-helical structure ™ for sodium deoxyribonucleate these physico- 
chemical changes have been interpreted by several authors }}* 7 as the consequence of 


* Part IIL, J., 2499. 


' Thomas, Biochim. Biophys. Acta, 1954, 14, 231, 
* (a) Doty, Proe. 3rd Congr, Biochem., Brussels, Academic Press, New York, 1955, p. 135; (6) Doty 
and Kice, Biochim. Biophys. Acta, 1955, 16, 446 
Goldstein and Stern, J. Polymer Sci., 1950, §, 687. 
Kurnick, /. Amer. Chem, Soc., 1954, 76, 417. 
Dekker and Schachman, Proc. Nat, Acad. Sci, U.S.A., 1954, 40, 804 
Shooter, Pain, and Butler, Biochim, Biophys, Acta, 1956, in the press; ref. 2(a), p. 139 
Laland, Lee, Overend, and Peacocke, ibid., 1954, 14, 356 
Shack and Thompsett, Biol, Chem., 1952, 197, 17. 
Blout and Lenormant, Biochim. Biophys. Acta, 1966, 17, 325 
Cosgrove and Jordan, quoted by Jordan, Progr. Biophysics Biophys. Chem., 1951, 2, 81. 
'! Sadron, ref. 2(a), pp. 125, 134. 
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permanent rupture of the hydrogen bonds which hold the two helices together. When this 
process occurs without cleavage of covalent internucleotide linkages it has been described }* 
as “ denaturation,’ by analogy with the behaviour of proteins. However, the conclusion 
that hydrogen bonds are ruptured by heat is not unambiguous since the properties which 
have usually been measured depend only indirectly on the presence of hydrogen bonds. 
Since the anomaly in the deoxyribonucleate titration curves is directly caused by the 
hydrogen bonds between titratable groups and since the accuracy and reproducibility of the 
continuous titration curves have recently been established,"* this method should afford a 
suitable criterion of denaturation, A brief report ' has already indicated that ionisable 
groups can be released by heating deoxyribonucleate solutions at 80° for 5—10 minutes. 

In the following, a method of determining from titration curves the proportion of 
hydrogen bonds ruptured by any process is described and is used to measure the effects 
of heating herring-sperm sodium deoxyribonucleate in solution for one hour at various 
temperatures. A quantitative method for measuring such denaturation seems desirable 
in view of the close association between the intact hiydrogen-bonded structure and its 
biological activity as demonstrated ™ by the simultaneous decrease in both transforming 
activity and viscosity when solutions of the deoxyribonucleate transforming principle from 
H. influenza are heated at temperatures above 81”. 


EXPERIMENTAL AND RESULTS 


The isolation and properties of the herring sperm sodiura deoxyribonucleate have been 
described.?,"5 (Light scattering measurements made in this laboratory by Mr. B. N. Preston 
now show that this sample has a molecular weight of 6-3 « 10°.) Solutions of the nucleate 
(0-142 mg. of phosphorus/ml.; approx. 0-15%) in 0-05m-sodium chloride, pH 6—7, were heated 
for 1 br. at atmospheric pressure in glass-stoppered 100 ml, Pyrex flasks in a water-bath at 
45°, 70°, 75°, 79°, 83-4°, 87-5°, and 100° + 0-2°. There was no significant change in the nucleate 
concentration during heating. The solutions, still at pH 6—7, were then titrated at 25° to 
pH 2-75 and then back-titrated to pH 7-5—8. The method employed was that of continuous 
titration in a cell with liquid junction at an ionic strength of 0-05 (the small contribution of 
the nucleate being neglected). pH was measured with a glass electrode and the general 
procedures were those described previously, when their reliability and limitations were also 
established. 

In Fig. 1 the continuous line of curve I represents the forward titration curve obtained at 
25° on addition of acid to the original unheated nucleate. Along this curve the amino-groups of, 
first, cytosine and then adenine are successively ionised with disappearance of their associated 
hydrogen bonds. This removal of hydrogen bonds appears to be permanent and irreversible 
when they occur in sequences sufficiently long for their loss to destroy the original helical configur- 
ation. The process of acid denaturation is complete by pH 3-0 and thereafter any further 
addition of acid or alkali affords the titration curve (II) of the completely denatured non- 
hydrogen-bonded polynucleotide chain. Line II of Fig, | is this back-titration curve for the 
unheated herring-sperm sodium deoxyribonucleate, Subtracting the alkali bound along II 
from that bound along I gives the difference curve (I II). 

Titration at 25° of the nucleate after it had been heated for 1 hr. at 45°, 70°, and 75° yielded 
forward- and back-titration curves similar to I and I1, except that there was a slight displacement 
along the ordinate scale which was constant over the whole pH range. This displacement was 
small (<0-08 unit on the ordinate scale of Fig. 1) and differed in duplicate experiments at the 
same temperature, It was therefore attributed to reaction of the hot solvent with the glass 
vessel (e.g., replacement of a few hydrogen ions by sodium ions), Consequently, in order to 
allow comparison of the various titration curves, they have been displaced slightly along the 
ordinate scale so that the inflexion points of the back-titration curves fall on the zero of the 
ordinate scale. This correction allows fully for any slight uptake of alkali from the glass and, 
for any given sample, is the same for all pH’s, so that it does not affect the shape of the titration 
or difference curves. The titration curves of the nucleate heated for an hour at 45°, 70°, and 

18 Watson and Crick, Nature, 1953, 171, 737, 964; Wilkins, Stokes, and Wilson, ibid., p. 738; 
Franklin and Gosling, thid., 1953, 172, 156. 


Cox and Peacocke, J., 1956, 2499. 
4 Zamenhof, Alexander, and Leidy, J. Exp. Med., 1953, 98, 373 
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75° then coincided with those of the original unheated sample and had the same difference 
curve (I—I]) 

Vorward-titration with acid of nucleate solutions heated for 1 hr. at higher temperatures 
(79°, 83-4°, 87-6") yielded curves (A, B) intermediate between | and Il. Nevertheless on back- 
titration from pH 2-76, the same curve (IJ) was obtained as with the original unheated solutions. 
The nucleate solution which had been heated for 1 hr. at 100° showed no titration anomaly, 
forward-titration with acid and back-titration with alkali both yielding the single curve I]. 
It follows that heating for 1 hr. can partly, at 79—-87-5°, and wholly at 100°, have the same 
effect on the nucleate structure as ionisation of the amino-groups during titration with acid. 
So heating must progressively destroy the hydrogen bonds in the original double-helical 
structure. The displacement of the titration curves which accompanies this process is seen in 
the sequence J, A, B, and II and is also illustrated by the change in the difference curves (Fig. 1, 
lower part), The quantitative interpretation of these displacements is discussed below. 


Vic. 1. The effect of previous heat treatment on the titration curves of herring-sperm sodium 
deoxyribonucleate. 


Titration conditions: Solvent, 0-OSm-NaCl; 25°; nucleate concn., 0-141 mg. P/ml. 


0-0F 0 
A 


T 
| 
! 
' 
' 
| 


ph 


a 
’ 
. 
* 
a 
e 
€ 
> 
° 
4 
2 
~ 
13) 
« 
2 
2 
& 
My 


$32U97244/0 


40 5-0 
pH 
Upper figure. Left ordinate scale. 
Solid lines I and IL; forward- and back-titration curves, respectively, of the original, unheated nucleate. 
Points on the forward-titration curves of nucleate solutions (0-15% in 0-05m-NaCl) previously heated 
for | hr, at various temperatures: © 70°; (@ 75°; x 78°B°; @ 834°; A 87:5". 
Smaller full circles (e) : points on the back-titration curves of all the heated solutions and also on the 
forward-titration curve of the solution previously heated fer 1 hr. at 100°. 
Lower figure, Difference curves. Ordinate scale, lower right. Points marked obtained by 
interpolation in the upper figure, 
alkali bound along the forward-titration curves minus alkali bound along curve II (in equivs./4P 
atoms). O, P, Q, #, P’, Q’, R’, see text. 
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No increase was observed in the number of titratable groups over the pH range 5—9. Hence 
there was no detectable release of secondary phosphory! end groups because of the heat treat- 
ment—although it must be realised that the titration method is very insensitive to rupture of 
internucleotide linkages, the production of one such new group for every 50 phosphorus atoms 
being scarcely detectable 

After being heated, a portion of each nucleate solution was diluted with 0-05m-sodium 
chloride and its ultraviolet extinction was measured at 260 my. at pH 7-5—8 relatively to a 
0-05mM-salt solution, An increase in absorption occurs when the temperature of heating is 
79° or higher and is a maximum at 100°, The increments in the extinction are presented in 
Table 1 as percentages of this maximal increase. 

Determination of the Nature and Extent of Denaturation from the Displacement of the Titration 
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Curves.—Quapntitative interpretation of the displacement, with heating, of the forward-titration 
curves (Fig. 1) will next be considered. 

Let 6 represent the fraction of the hydrogen bonds originally present which have been 
ruptured in a random manner before titration; that is, we assume that the hydrogen bonds 
linking the pair of bases adenine and thymine have been ruptured to the same extent as those 
linking guanine and cytosine. The resulting deoxyribonucleate molecule may then be regarded 
as composed of regions where all the hydrogen bonds are intact and of denatured, disordered 


TasLe |. Effects of heating herring-sperm sodium deoxyribonucleate on its ultra- 
violet absorption and hydrogen bonding. 


Temp. of heating for 1 hr. Hydrogen bonds 
in 0-06mM-NaCl 100A€ / Atanas * ruptured (%) (LOO) ft 


* Ae = Increase in extinction at 260 my due to heating; Atns. Ae after heating at 100°. 
ft B deduced from titration curves by using eqn. (1), see Table 2. 


regions containing no hydrogen bonds, the number of nucleotides in these two regions being 
in the ratio (1 — 6):8. If, as seems likely, these regions dissociate independentiy, the 
resulting forward-titration curve with acid should be the same as that given by a mixture of 
two distinct molecular species, namely, the intact fully hydrogen-bonded molecules of titration 
curve I and the completely denatured molecule of titration curve II. Such a mixture would 
have to contain the same total concentration of nucleotides divided in the ratio (1 — 6): 6 
between the two types of molecule. At any given pH on Fig, 1, let P, R be points on curves 
I and II and let Q be the corresponding point on the forward-titration curve of the mixture just 
defined (in Fig. 1, Q is shown as a point on the experimental curve A). Then OP, OR, and OQ 
represent, respectively, the equivalents of acid bound per 4 g.-atoms of phosphorus by the 
intact molecule, the completely denatured molecule, and the mixture, i.¢., the molecule with 6 
of its hydrogen bonds ruptured. The composition of the mixture implies that 


OQ = BOR + (1 — BOP 
whence it follows that B= PQ/PRand(l1—§8)=QR/PR ..... « (i) 


This has been deduced for one particular pH, but in random rupture of hydrogen bonds, 
although the groups involved titrate in different ranges, the value of @ would not vary with 
pH.* So the titration curve of the mixture, and hence of the nucleate with a fraction (6) of 
its hydrogen bonds ruptured, is the locus of the point Q, defined by PQ/PR = 6, a constant at 
all pH’s. A plot of the difference between this curve and curve II will then have the same 
shape as (I—II) of Fig. 1, but with the ordinates all reduced by the factor 6; P’, Q’, and R’ on 
these difference curves in the lower part of Fig. 1 correspond to P, Q, and R&R on the titration 
curves, These conclusions about the disposition of the curves follow in spite of the irreversi- 
bility of the forward-titration curve of any sample still containing hydrogen bonds, The 
course of such a titration is governed only by the fraction (8) of hydrogen bonds randomly 
ruptured before the titration begins; the titration then completes the denaturation, Thus 
the back-titration curves all represent the dissociation of the completely non-hydrogen-bonded 
nucleate and so cannot be used to find the value of 8 due to heating. 

The rupture of hydrogen bonds in the process occurring before titration may be non-random, 
those linking the base pair adenine-thymine, for example, breaking more slowly than those linking 
guanine-cytosine. Then, in any given range pH to [pH + d(pH)), PQ/PR would still be equal 
to the ratio of acid bound by the groups titrating * in this range in the denatured and the intact 
regions of the molecule but it would vary over the titration curve. The fraction of all the 


* In both the random and the non-random case, the groups titrating at a given pH are not the same 
groups in the intact and the denatured regions. This does not affect the deduction of eqns. (1), (2), 
and (3) which describe the distribution of hydrogen ions between the two regions, without any need for 
specification of the chemical nature of the groups to which the ions are attached. 
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hydrogen bonds originally present which had been permanently broken by the treatment before 
titration could then be defined without regard to the nature of the groups in question and denoted 
by #. This quantity could only be obtained by a summation and averaging of the ratio PQ/PR 
over all the potentially hydrogen-bonded groups titrated so that 


Smt sk ee 


where n is a convenient finite number of points on the experimental forward-titration curve, 
which have been chosen so as to subdivide the ordinate scale into intervals of equal amounts 
of acid or alkali bound by the adenine and cytosine amino-groups only. The summation in 
eqn. (2) is then taken over all these n points.* The subdivisions so defined are also equal 
subdivisions of the ordinate scale over most of the experimental titration curves, since only at 
the lower end do any groups titrate which cannot be hydrogen-bonded, viz., the guanine 
2-amino-groups 
The greater is the number n the more accurate is the value of 6 and in the limit 
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where h represents the alkali or acid bound by adenine and cytosine groups and the integration 
is again taken over the A range of titration of these groups (i.¢., over h = 0-2-0 equivs. of 
acid bound per 4 P) 


DISCUSSION 


The above treatment has been applied to the curves A and B of Fig. 1, and Table 2 
shows the values for the ratio PQ/PR at various points along the curves (chosen in this 


TABLE 2. Deduction of fraction of hydrogen bonds ruptured from titration curves. 
PQ/PR* PQ/PR* 
‘Curve A, Fig.1 Curve B, Fig 7 Curve A, Fig. 1 Curve B, Fig. 1 

(788° & 83-5") (87-5”) (788° & 83-5") (87°5°) 

0-42 0°67 , 0-46 0-72 

0-46 0-77 , 0-45 0-71 

0-47 O74 . 0-48 0-72 

O47 0-73 , 0-53 0-75 

B = mean value of PO/PR = 0-47 0-73 

* See text and Fig. 1 for definition. 


case at equal intervals of pH), In the range of the curves where the accuracy is greatest 
PQ/PR is reasonably constant for both A and B and therefore indicates random breakage 
of the hydrogen bonds during the heating. The mean values of this ratio give the fraction, 
6, of hydrogen bonds ruptured at 78-8° and 83-5° as 0-47 and at 87-5° as 0-73, where both 
figures have standard deviations of 003. These values for 8 are approximately equal to 
the increases in ultraviolet absorption when these are expressed as a fraction of the 
maximum increase. There is therefore a linear relation between these quantities when 
hydrogen bonds are broken randomly. This now confirms earlier suggestions }\7 that 
these changes in ultraviolet absorption are a direct consequence of breakdown of the 
hydrogen bonds holding together the two helices. 

The fraction of hydrogen bonds permanently ruptured after 1 hour's heating is plotted 
in Fig. 2 as a function of the temperature of heating. Thomas ' has tentatively shown 
that on | eating at different temperatures the overall ultraviolet absorption increase is the 
same, which suggests that, once begun, denaturation eventually goes to completion. If 
further experimental studies confirm this, the 6 values plotted in Fig. 2 must be regarded 
as interpolations at one hour in a series of curves of 6 against time of heating. The 
kinetics of the heat denaturation process awaits further study but if the process is assumed 

* This method of obtaining B by eqn. (2) was employed, without explanation, in an earlier public- 
ation '* on the effect of y-rays on deoxyribonucleate solutions. 


'* Cox, Overend, Peacocke, and Wilson, Nature, 1955, 176, 019 
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to be of the first order (as with many proteins **) with respect to the concentration of 
native hydrogen-bonded nucleate, then In {1/{1 — @))} = At and the first-order rate constant, 
k, can be calculated. The present studies are inadequate for accurate determinations 
of k, but on the above assumptions & increases from 1) « 10° to 2-2 x 10° min.-! over 
the temperature interval 83-5—87-5°. This implies an activation energy of the order of 
50 kcal. for the denaturation of the helical structure and may be compared with the 
approximate value of 60 kcal. obtained 5 from earlier ultraviolet absorption ! and viscosity 4 
results, and the values reported by Doty and Rice * of 36-93 kcal. These high activation 
energies seem to be analogous to those obtained for the denaturation of proteins } and 
strongly suggest the need for the simultaneous rupture of sequences of hydrogen bonds. 
Up to 75°, heating for 1 hour in solution apparently does not produce sequences of broken 
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hydrogen bonds sufficiently long for the bonds not to be re-formed. But above this tem- 
perature, the sequences are long enough for the double-helical structure to be permanently 
distorted and so never to regain its original ordered condition. 

The near-equality of the fraction of hydrogen bonds broken at 78°8° and 83-5° suggests 
a small step in the curves of Fig. 2 as though the denaturation proceeds in two distinct 
stages. A similar observation has been reported! for the change, on heating, of the 
ultraviolet absorption of several deoxyribonucleate preparations from different sources, 
In view of the titration evidence for the random nature of the heat-denaturation process, 
this apparent step cannot readily be interpreted in terms of selective rupture of hydrogen 
bonds between particular groups. The observations may arise from the undoubted 
heterogeneity 17 of all deoxyribonucleate preparations, different components having 
perhaps different stabilities towards heat. 

The present studies clearly show that one of the main effects of heating saline solutions 
of herring-sperm sodium deoxyribonucleate is to cause the permanent breakdown of the 
hydrogen-bonded structure and that by means of titration the extent of this denaturation 
can be measured. 
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522. Benzola|perylene and Some of its Derivatives. 


By E. Crar, W. Kerry, D. G. Stewart, and (in part) J. W. Wricurt. 


Dinaphthyloxyanthraquinone (I) was condensed in a sodium chloride- 
aluminium chloride melt to the polycyclic oxides (II), (II1), and (IV). 
Keduction of one of these (III), with hydriodic acid and red phosphorus 
followed by dehydrogenation with palladium charcoal gave benzo{a}|perylene 
(VI), which was also obtained from dinaphthylanthracene (V) by drastic treat- 
ment in a sodium chloride-aluminium melt. If the ring closure of 9: 10-di- 
hydro-9 ; 10-dihydroxy-9 ; 10-di-1’-naphthylanthracene (1X) was carried out 
under milder conditions, 3-1’-naphthylbenzo{a|perylene (VIII) was formed. 
This compound was also obtained by ring closure of 1-chloro-9: 10-di-1’- 
naphthylanthracene 


KING closure of 1 : 5-di-2’-naphthyloxyanthraquinone (I) in a sodium chloride-aluminium 
chloride melt gave the red nonacyclic dioxide (11), the blue decacyclic dioxide (III), and 
the green undecacyclic dioxide (IV) according to the conditions applied. The absorption 


spectra of the three condensation products are shown in Fig. 1. Each ring closure causes 
a strong shift of the first group of bands to the red, whilst the intense band near 3000 A 
remains relatively unaltered. 

Reduction of the blue compound (III) with hydriodic acid and red phosphorus at 210° 
yielded a pale yellow resin which was dehydrogenated with palladium-charcoal to a red 
hydrocarbon. The absorption spectrum of this compound is identical with that of the 
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non-crystalline hydrocarbon obtained on reduction of benzo{a)perylene-3 : 10-quinone.' 
Benzo{a)perylene (V1) was synthesised by heating 9: 10-dinaphthylanthracene (V) in a 
sodium chloride—aluminium chloride melt at 160°. One naphthyl! radical is split off during 
the reaction but the main product of the reaction is | : 9-4 : 10-diferinaphthyleneanthra- 
cene,* together with some anthracene and perylene. The benzoperylene was identical 
with the red hydrocarbon obtained from the dehydrogenation. It gives a colourless 


adduct with maleic anhydride. 
CO 
VA 
[Lon 


4 


(Vil) (Vil) (IX) 


3-1'-Naphthylbenzo{a]perylene (VIII) is a possible product of the above reactions and, 
in order to exclude this possibility, this hydrocarbon was synthesised by heating the diol 
(IX) in sodium chloride-aluminium chloride at a much lower temperature (110°), The 
hydrocarbon (VIII) was also prepared by heating 1-chloro-9 : 10-di-1’-naphthylanthracene, 
obtained by reduction of the diol (VII) with quinoline and potassium hydroxide. 
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A, Compound (II) in CyH,, 5760 (4-16), 5370 (4-06), 4950 (3-88); 4090 (3-78), 3840 (3-58), 3470 (3-06), 
3310 (3-04); 2990 (4:56), 2860 (4-64). 

B, Compound (111) in C,H,, 6600 (4-46), 6050 (4-33), 5600 (3-97); 4550 (3-68), 3940 (3-76); 2900 (4-82) 

©, Compound (IV) in 1 ; 2: 4-trichlorobenzene, 7320 (4-65), 6630 (4:34), 6100 (3°89); 500 (3-45); 4450 
(3°52), 4210 (3-45), 3800 (3-64). 


The absorption spectra of benzo{a}perylene (VI) and its naphthyl derivative (VIII) 
are given in Fig.2. They are in accordance with the assumed formula. It is noteworthy 
that the first band of benzo[a)perylene is shifted by the same amount (6-14/A) in passage 


* Clar, Chem. Ber., 1949, 82, 59. 


2654 Clar, Kelly, Stewart, and Wright : 


to 12: 1’-oxido-l : 2-benzoperylene * (first band in benzene at 5990 A) as in passage from 
1: 9-4: 10-diperinaphthyleneanthracene * (first band in benzene at 6300 A) to the green 
compound (IV). This indicates that the annelation principle also applies in the above cases 
where oxygen-containing rings are involved. 


EXPERIMENTAL 


M. p.s were taken in evacuated capillaries. Microanalyses are by Mr. J. M. L. Cameron and 
Miss M. W. Christie, 

1: 5-L1-2’-naphthyloxyanthraquinone (1).—This was prepared by a modification of the 
method described in the literature** An intimate mixture of 1: 5-dichloroanthraquinone 
(37 g.), @-naphthol (75 g.), and powdered potassium hydroxide (22 g.) was heated at 145° for 
2hr. The melt, mobile at first, became very viscous. The cold melt was extracted with boiling, 
dilute, aqueous potassium hydroxide and crystallised from nitrobenzene to give large yellow 
prisms (65 g.), m. p, 245-—247° (lit., 243—-245°) (Found: C, 82-8; H, 4-3. Calc. for C,,H,,O, : 
C, $29; H, 41%). The compound dissolved in concentrated sulphuric acid to a violet-blue 
solution and gave a yellow vat in alkaline sodium dithionite solution. 


5 


Fic, 2. Absorption max. (A) and log € (in 
. parentheses) 

A, Compound (V1) in EtOH, 5030 (4-47), 4730 
(4°27), 4450 (3-95), 3390 (3-70), 3230 (3-74), 
3080 (3-85), 2760 (4-86) 

, B, Compound (VIII) in C,H,, 5140 (4-68), 4800 

; ‘ (4°46), 4540 (3-901), 3420 (3-55), 3260 (3-58), 

J ‘ } } 3100 (3°74), 2760 (4°73) 
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7: 17-Dioxanaphtho(1, 2-a, 1’, 2’-j)perylene (11) and 6 : 16-dioxanaphtho|1, 2-a\perinaphtheno- 
[1, 2, 3, 3a, 4-g, h, i, j)perylene (111).—A mixture of the dinaphthyloxyanthraquinone (I) (30 g.), 
sodium chloride (30 g.), and aluminium chloride (150 g.) was heated with stirring at 180° for 
10 min., and then at 145° for 15 min. After cooling to 110°, the melt was poured into dilute 
hydrochloric acid. The dark blue precipitate was extracted with warm alkaline sodium 
dithionite solution and dried. The residue was extracted several times with cold benzene and 
the blue solution chromatographed on alumina. A first, red band, on elution with benzene, 
gave a brilliant violet-red solution, with a red fluorescence, which on concentration yielded dark 
red prisms (4 g.), m. p. 255-—-256°, of the diowide (II) (Found: C, 889; H,41. C,,H,,0, 
requires C, 89-1; H, 40%). The compound, which photo-oxidised rapidly, dissolved in concen- 
trated sulphuric acid to a violet-red solution. A second, blue band from the chromatogram, on 
elution and concentration, gave blue crystals (2 g.), m. p. > 400°, of the dioxide (III) (Found : 
C, 88-9; H, 36. CyH,,O, requires C, 89-5; H, 35%). A further portion (15 g.) of this blue 
compound was obtained by extracting the residue from the benzene extraction with xylene in 
a Soxhlet apparatus. It sublimed in a vacuum without decomposition and dissolved in concen 
trated sulphuric acid to a violet solution with a red fluorescence. 

Heating the compound (II) in sodium chloride-aluminium chloride at 175° gave the blue 
compound (IIT), 

6: 14-Dioxadinaphtho(1, 8a, 8, 7-a, b,c; 1’, 8a’, 8’, 7’-j, k, l|coronene (1V).—-A mixture of the 
dinaphthyloxyanthraquinone (I) (26 g.), sodium chloride (26 g.), and aluminium chloride (140 g.) 
was heated at 175-—180° for 35 min. The melt was decomposed and washed as above. The 
blue-black precipitate contained no red compound (II), The blue compound (2-5 g.) was 
extracted in a Soxhlet apparatus with xylene. The residue was sublimed in vacuum at 400°/8 x 
10* mm. The blue-green sublimate was extracted with boiling xylene and crystallised from 


Clar, Kelly, and Wright, J., 1954, 1108. 
Clar, Her,, 1940, 73, 351 
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1: 2: 4-trichlorobenzene. It was resublimed and recrystallised several times, to give dark 
greenish-blue needles, m. p. 515—-516°, of the diovide (1V) (Found: C, 90-0; H, 3-8. Cy,H\,O, 
requires C, 89-85; H, 3-1%). It dissolves in concentrated sulphuric acid to a blue solution with 
a very strong red fluorescence, 

Benzo\a\perylene (V1).—(a) From the compound (111). A mixture of compound (IIT) (0-75 ¢.), 
red phosphorus (1 g.), potassium iodide (0-5 g.), and hydriodic acid (55%, 10 ml.) was heated in 
a sealed tube at 210° for 10 hr. The light brown resin was washed with water and chromato 
graphed in benzene on alumina. The pale yellow resin which was obtained did not erystallise 
The resin (0-5 g.) was heated at 230° for 5 hr. with 20% palladium-—chareoal (0-5 g.). The 
charcoal was extracted with benzene and the extract was chromatographed. A colourless 
band, blue-violet in ultraviolet light, was eluted with benzene-light petroleum (b. p, 40-60" ; 
1:4). Concentration gave a colourless oil. An orange band was eluted with benzene, The 
orange solution, which had a green fluorescence, was taken to dryness to give a red resin which 
crystallised from light petroleum (b. p, 60—80°) as red needles, m. p, 115—116°, of 
benzo[a\perylene (VI) [Found: C, 94-9; H, 48%; M (Rast), 310. C,,H,, requires C, 95-3; 
H, 4-7%; M, 302). It dissolves in concentrated sulphuric acid to a green solution with a red 
fluorescence. It photo-oxidised quite quickly. (b) /rom the compound (V). The dinaphthyl 
anthracene (44 g.) was added to sodium chloride (45 g.) and aluminium chloride (230 g.) at 125°, 
heated to 160° during 5 min., cooled, and poured into dilute hydrochloric acid. The blue- 
black precipitate was dried and extracted with 400 ml. of cold benzene, The extract was taken 
to dryness and the residue was distilled in a high vacuum, giving a first, colourless fraetion 
(mainly anthracene) and a second, red, resinous fraction (4 g.). The residue in the flask was 
mainly 1 : 9-4: 10-diperinaphthyleneanthracene. The second fraction was redistilled into two 
fractions, the first of which was washed with a little benzene and crystallised from benzene, to 
give yellow plates, m. p. 268—270°, of perylene. The second was very slowly fractionally 
sublimed ; the yellow portion which sublimed first was perylene; the red fraction which sublimed 
as droplets was dissolved in benzene and chromatographed; the benzene eluate of the orange 
band was taken to dryness and the residue crystallised from light petroleum (b. p. 60-—80°) to 
give red needles, m. p. 115-116", of benzo{a)perylene 

Adduct of Benzo{a\perylene and Maleic Anhydride.—Benzola)perylene (V1) was heated under 
reflux in benzene with a large excess of maleic anhydride until the solution became colourless. 
The adduct recrystallised from acetic anhydride as colourless prisms, m,. p, 300-—-306° (decomp.) 
(Found: 83-6; H, 4-4. C©,,H,,O, requires C, 84-0; H, 40%). It dissolved in hot concen 
trated sulphuric acid to a green solution with a red fluorescence. The spectrum of the 
dipotassium salt of the adduct in water compares well with that of benzanthrene (in alcohol) as 
expected. Maxima of salt: 3450, 3290, and 3140 A (log « 4-22, 4-22, 4-06). Maxima of benz 
anthrene : 3440, 3290, and 3120 A (log ¢ 4-14, 4-22, 4-08). 

1-Chlovo-9 : 10-dihydro-9 ; 10-di-1’-naphthylanthracene-9 : 10-diol (V11).-A_ suspension of 
finely powdered 1-chloroanthraquinone (12-1 g.) in benzene (100 ml.) was slowly added with 
stirring to l-naphthylmagnesium bromide prepared from 1l-bromonaphthalene (41-4 g.) and 
magnesium (4-8 g.) in ether (70 ml,). The temperature was allowed to rise during the addition. 
70 ml. of solvent were distilled from the mixture which was then heated under reflux for 2 hr 
with stirring. The suspension was poured into dilute acetic acid. The residue remaining after 
steam-distillation was washed with ether and digested thoroughly with alkaline sodium dithionite 
solution, an almost colourless powder (12-3 g.) being obtained. Crystallisation from xylene 
gave colourless prisms, m. p. 291—292° (decomp.), of the diol (VII) (Found: C, 81-6; H, 48; 
Cl, 6-9. C,,H,,O,CI requires C, 81-8; H, 4-65; Cl, 7-1%). In concentrated sulphuric acid it 
dissolved to a green solution. 

1-Chloro-9 : 10-di-1'-naphthylanthracene.—-A suspension of the diol (VII) (5 g.) in acetic 
acid (30 ml.) and hydriodic acid (55%, 4-5 ml.) was heated under reflux for 15 min. A pale 
yellowish powder (3-9 g.) was obtained which crystallised from xylene as yellow prisms, m. p 
297—.298°, of 1-chloro-9: 10-di-\’-naphthylanthracene (Vound: C, 8&1; H, 445; Cl, 7-4 
Cy,H,,Ci requires C, 87-8; H, 4-55; Cl, 7-6%). It was insoluble in concentrated sulphuric acid 

3-1’-Naphthylbenzola\perylene (VII1).—({a) 1-Chloro-9 ; 10-di-l’-naphthylanthracene (2 g.) 
in quinoline (15 ml.) was heated under reflux with potassium hydroxide (10 g.} for 7 min, The 
quinoline solution, which had quickly become red with a green fluorescence, was decanted into 
dilute hydrochloric acid, The orange-red precipitate was sublimed ina vacuum, The sublimate 
was dissolved in benzene and the solution chromatographed. An orange-red band was eluted 
with benzene-light petroleum (b. p. 40—60°; 3:1). Crystallisation from light petroleum 
(b. p. 80—100°), by adding the petroleum to the benzene concentrate and distilling off the 
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benzene, gave red prisms, m. p, 198-—-200°, of 3-1’-naphthylbenzo[a|perylene (VIII) [Found : 
C, 95:3; H,48%; M (Rast), 436. C,,H,, requires C, 95-3; H, 47%; M, 428). The solution 
of the compound was orange with a green fluorescence and it photo-oxidised rapidly. The 
hydrocarbon dissolved in concentrated sulphuric acid give a green solution with a red 
fluorescence, 

(b) 9: 10-Dihydro-9 : 10-di-1’-naphthylanthracene-9 ; 10-diol (1X) (6 g.) was added to 
sodium chloride (9 g.) and aluminium chloride (45 g.) at 110°. After 5 min. the melt was poured 
into dilute hydrochloric acid, The blue-black precipitate was dried and extracted with a small 
quantity of benzene which was chromatographed. An orange-red band yielded the naphthyl- 
benzoperylene as red prisms, 
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523. Ribose and its Derivatives. Part VII.* The Condensation 
of Methyl w-Ribopyranoside with Acetone. 
By G. R. Barker and J. W. Spoors. 


By conversion into 3 ; 4-di-O-methyl-p-ribose, it is shown that the com- 
pound originally believed by Levene and Stiller to be methyl 2: 3-0-iso- 
propylidene-4-0-toluene-p-sulphonyl-p-ribopyranoside is methyl 3: 4-0- 
isopropylidene-2-O-toluene-p-sulphonyl]-p-ribopyranoside. 


Levene and Sritter? showed that during the condensation of acetone with methy] 
p-ribopyranoside, approximately fifty per cent. of the material isomerises to a furanoside. 
They believed the two products to be methyl 2 ; 3-O-isopropylidene-p-ribofuranoside and 
methyl 2: 3-O-4sopropylidene-p-ribopyranoside. However, we have previously shown # 
that methylation of the mixed products yields, after hydrolysis, 2-, 4-, and 5-O-methyl- 
D-ribose, suggesting the presence of methyl 3 : 4-O-tsopropylidene-p-ribose amongst the 
products of the condensation. No estimate was made of the proportions of these sugars. 


Levene and Stiller treated the mixed condensation products with toluene-p-sulphonyl 
chloride and obtained, besides methyl 2 : 3-O-dsopropylidene-5-O-toluene-p-sulphonyl- 
p-ribofuranoside, a crystalline compound which they designated, without proof, as methyl 
2 : 3-O-1sopropylidene-4-O-toluene-p-sulphonyl-p-ribopyranoside. In view of our experi- 
ments referred to above, and since the toluene-p-sulphonyl derivative is a potentially 
useful intermediate in the synthesis of partially substituted derivatives of ribose, we have 
investigated its structure. Material having the same properties as those recorded by 
Levene and Stiller was obtained by chromatography of the mixed toluene-p-sulphonates 
on alumina, The ssopropylidene residue was removed and the residual material was 
methylated and, after reductive fission of the sulphonate and hydrolysis of the glycoside, 
a syrupy dimethylribose was obtained. This was shown to be 3: 4-di-O-methyl-p-ribose 
in the following way. Methyl toluene-p-sulphonyl-p-riboside, from which the dimethyl- 
sugar was obtained, was oxidised by one mol. of sodium metaperiodate, thus limiting the 
free hydroxyl groups available for methylation to the 2:3- and 3: 4-positions. The 
sugar was distinguished from 2 ; 3-di-O-methyl-p-ribose by its Ry value (0-53) in n-butanol- 
boric acid and by the fact that it was oxidised by one mol. of periodate with the liberation 
of titratable acid but of no formaldehyde. The sugar was finally shown to be 3 : 4-di-O 
methyl-p-ribose by conversion into an osazone the m. p. of which was not depressed by 
admixture with that derived from authentic 2: 3: 4-tri-O-methyl-p-ribose with loss of 
one methoxyl residue, It is interesting to note that on oxidation with periodate, no 
formic acid was liberated from the 3 : 4-di-O-methyl-p-ribose without previous treatment 
with alkali, suggesting the initial formation of a formyl] ester.* 

The above reactions exclude all other possible structures for the dimethylribose, and 


* Part VI, /., 1956, 1102. 

' Levene and Stiller, /. Biol. Chem., 1934, 106, 421. 
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it is concluded that the crystalline material which Levene and Stiller claimed to be methyl 
2 : 3-0-isopropylidene-4-O-toluene-p-sulphonyl-p-ribopyranoside was in fact methyl 
3 : 4-0-isopropylidene-2-0-toluene-p-sulphonyl!-D-ribopyranoside. In view of our previous 
results,* it appears that some material having the former structure may be present in the 
crude mixture, but none could be isolated. 

It seems reasonable to assume that the isomerisation of the pyranoside to the furanoside 
occurs after condensation with the acetone, since methyl p-ribopyranoside is normally 
formed from the furanoside under acidic conditions.‘ Also, since, of the 2: 3- and 3: 4- 
hydroxyl groups of methyl p-ribopyranoside, one of each pair is equatorial and one axial, 
it is to be expected that condensation with acetone will yield both the 2: 3- and the 3; 4- 
O-isopropylidene derivative in appreciable amounts. It appears probable, therefore, 
that the presence of the 2: 3-O-sopropylidene residue causes the equilibrium between 
furanose and pyranose to be displaced in favour of the former in the acidic conditions. 
No such isomerisation is possible with a 3 ; 4-isopropylidene residue and it is believed that 
these considerations explain the formation of the products obtained. 


_ EXPERIMENTAL 

Methyl 3: 4-O-isoPropylidene-2-O-toluene-p-sulphonyl-p-ribopyranoside and Methyl 2: 3-O- 
isoPropylidene-5-O-toluene-p-sulphonyl-p-ribofuranoside.-A mixture of the two compounds, 
prepared from methyl p-ribopyranoside (7:3 g.) as previously described,’ was dissolved in 
benzene (100 c.c.) and percolated through alumina (Peter Spence, grade H) (23 x 4:5 cm), 
Elution with benzene gave, after removal of solvent from successive fractions, methyl 2 ; 3-0- 
isopropylidene-5-O-toluene-p-sulphonyl-p-ribofuranoside (2-5 g.), m. p. 84—85-5°, [a]? 
— 34-7° (c, 0-85 in EtOH) (Found; C, 53-4; H, 6-5. Calc. for C,,H,,0,5: C, 53-6; H, 62%), 
and methyl 3: 4-O-isopropylidene-2-O-toluene-p-sulphonyl-p-ribopyranoside (2-2 g.), m. p. 144°, 
[aJ%? —113° (c, 1-0 in EtOH) (Found: C, 53-8; H, 61%). 

Methyl 3: 4- Di-O-methyl-2-O-toluene - p-sulphonyl-v -ribopyranoside.—Methy] 3 : 4-O-tso- 
propylidene-2-O-toluene-p-sulphonyl-p-ribopyranoside was converted into methyl! 2-O-toluene- 
p-sulphonyl-p-ribopyranoside by Levene and Stiller's method.1. The material (18-7 mg.) in 
aqueous ethanol (10 c.c.) was set aside at room temperature with sodium metaperiodate (45 mg.). 
Excess of periodate was determined in aliquot portions at intervals. Reaction was complete 
after 1 hr. and 0-97 mol. of periodate had then been consumed. 

The methyl 2-O-toluene-p-sulphonyl-p-ribopyranoside (0-45 g.) was refluxed and stirred 
with methyl iodide (35 c.c.) and silver oxide (0-5 g.) for 6 hr., further quantities (0-5 g.) of 
silver oxide being added every 30 min. Refluxing and stirring were continued for a further 
2 hr., silver salts were removed by filtration and washed with ether, and the combined filtrates 
were evaporated under reduced pressure to a syrup. The residue (0-5) g.) was dissolved in 
benzene and percolated through neutral alumina (Peter Spence) (10 x 2-3.cm.). Elution with 
benzene-—ether (3: 2) yielded, after removal of solvent, syrupy methyl 3 : 4-di-O-methyl-2-O- 
toluene-p-sulphonyl-p-ribopyranoside n¥* 1-5080, (a) —37-6° (c, 0-93 in MeOH) (Found: 
C, 52-3; H, 6-6; OMe, 26-9. C,,H,,0,S requires C, 52-0; H, 6-4; OMe, 27-2%). 

3: 4-Di-O-methyl-p-ribose.—Methyl 3 ; 4-di-O-methyl-2-0-toluene-p-sulphonyl-p-ribo- 
pyranoside (0-4 g.) in aqueous ethanol (30 ¢.c.; 80%) was stirred at room temperature with 
sodium amalgam (20 g.; 3%) for 20 hr. The solution was saturated with carbon dioxide, 
diluted with water (200 c.c.), and repeatedly extracted with ether. The combined extracts 
were dried (MgSO,) and evaporated to a thick syrup (0-2 g.). This material (0-15 g.) was 
refluxed for 5 hr. with ethanol (5 c.c.) and N-hydrochloric acid (5 c.c.), Chloride ions were 
removed by grinding the product with silver carbonate and filtration (charcoal), and the solvent 
was then evaporated to yield syrupy 3 : 4-di-O-methyl-v-ribose, (a)® —27-0° (c, 0-44 in MeOH) 
(Found: OMe, 34-5. C,H,,O, requires OMe, 348%), which was converted into 3: 4-di-O- 
methyl-p-ribose phenylosazone, having m. p. 138—139° which was not depressed on admixture 
with a sample prepared from 2: 3: 4-tri-O-methyl-p-ribose (Found: C, 63-0; H,7-0; N, 157; 
OMe, 16-7. Calc. for C,,H,,O,N,: C, 64-0; H, 7-0; N, 15-7; OMe, 17-4%). 

3: 4-Di-O-methyl-p-ribose (10-25 mg.) in aqueous ethanol (10 c.c.; 50%) was set aside at 
room temperature with sodium metaperiodate (50 mg.). [xcess of periodate was determined 
as before and aliquot portions (1 c.c.) were also withdrawn. After they had been made alkaline 
with 0-01N-sodium hydroxide (2 c.c.), ethylene glycol (0-1 c.c.) was added and the mixture was 
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2658 Bree and Lyons: The Intensity of Ultraviolet 


warmed at 60° for 10 min, in an atmosphere of nitrogen, cooled, and titrated with 0-01Nn-hydro- 
chloric acid. Reaction was complete after 1 hr., 1-05 mol. of periodate having been consumed 
and 0-87 mol. of acid liberated. No formaldehyde was detected by Reeves’s method ® after 
completion of the oxidation. 
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524. The Intensity of Ultraviolet Light Absorption by Monocrystals. 
Part 1, Measurement of Thickness of Thin Crystals by Interfero- 


metry. 
By A. Bree and L. E. Lyons, 


Two interferometric methods are adapted to measure the thickness of 
anthracene monocrystals, the results being useful in absorption spectroscopy. 
The spectral examination of two-beam interference is found to be slightly 
superior to that of multiple-beam interference, In some instances the use of 
both methods is advisable. 


THe quantitative measurement of light absorption, ¢.g., by organic monocrystals, has 
been studied very little, although the results are important in, for example, the theory of 
electronic states of crystals. In general, a transition observed in a crystal may be 
intensified or weakened compared with its value in solution in a way that depends on the 
orientation of the molecules and the polarisation of the transition. Consequently the 
measurement of crystal extinction values is important in allocating transition polarisations 
(see Part [1, following paper). 

Experimentally the chief problem is to measure accurately the thickness of the crystal 
at the cross-section used for the absorption measurement. Simple methods! are 
insufficiently accurate. For anthracene monocrystals Ehringhaus’s* rotatable calcite 
compensator was found to measure the very small retardations with an accuracy of only 
10%. Nor is the determination of oscillator strengths, from measurements of the dispersion 
of refractive indices of aromatic crystals,’ so simple or so accurate as the two interferometric 
methods now described. 


(a) Multi-beam Method.—This depends on the production of Fizeau fringes by a wedge 
formed from material of refractive index y. Each fringe is a contour line of equal wedge thick- 
ness, d. {Vor nth order interference of light wavelength 2, the relation n) = 2ud cos ¢ holds 
(where # is the angle of incidence on the wedge).} Multi-reflections, obtained by metallising 
the wedge surface, increase the fringe definition, but successful results depend * on observing the 
experimental conditions implied in the theory, viz. : (i) small separation of reflecting surfaces ; 
(ii) surfaces of high reflection and small absorption; (iii) monochromatic light; (iv) incident 
beam parallel, and normal to the surface, to avoid polarisation effects; (v) suitable wedge angle, 
which is a compromise between that necessary to keep the reflecting surfaces close together and 
that necessary to observe enough fringes in the field of view. 

Since we wished to observe on the one crystal both thickness and the absorption spectrum, 
making it impossible to transfer a crystal from one mounting to another, conditions for the best 
measurement of thickness could not be completely satisfied, Thus the reflecting surfaces used 
were not of silver with 98% reflectivity, because it has an absorption band system of its own at 
about 3100 A, but of aluminium with 30—40%. The alternative of mounting the crystal on a 
clear silica dise which could then be placed between two metallised surfaces for the thickness 
measurement was tried but found less satisfactory than mounting directly on the aluminised 
silica disc, The use of an additional disc between the reflecting surfaces so increased 

' Hartshorne and Stuart, ‘ Crystals and the Polarising Microscope,” 2nd edn., Arnold, London, 1950, 
» 246 
' * Ehringhaus, Z. Arist,, 1939, 102, A, 85 
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the separation that the fringes were much harder to observe [cf. condition (i)}. It was more 
difficult to mount anthracene plates directly on aluminium than on silica since there was a 
considerable attraction between the two in the latter case, whereas in the former there was a 
1¢pulsion when the film had aged. The mounted crystal was then placed on a screw device * 
which enabled the wedge angle to be varied easily and the fringes made perpendicular to a 
crystal edge. 

A diagram of the apparatus is shown in Fig. 1. 

A polariser was necessary since the optical thickness depended upon the polarisation 
direction of the light. The 45° reflecting disc of thick glass also acted as a polariser and 
consequently measurements were always made with the more strongly reflected component. If 
a thin reflector was used, an additional unwanted set of fringes appeared. Neazly mono- 
chromatic light was obtained from a sodium lamp or a mercury-vapour lamp with 
filters. Focusing was effected by a movement of the stage rather than of the tube, so that the 
side-arm attachment could be fixed permanently. The fringe system could be photographed. 
A further modification of the original microscope was the fitting of a substage condenser, 


Fic. 2. The displacement of interference fringes 
by a crystal (schematic). 


Fic.1. Apparatus for the determination of crysta 
thickness by multiple-beam interferometry. 
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, ‘4 » . ’ 
aie vee ae ES SE 5 Upper: As seen in the field of view. 
—. Lower: From the side; the crystal is shown 
between two plates and the fringe positions in 
the crystal are denoted by broken lines. 


polariser, and mirror to give possible illumination by transmission as well as reflection, Asa 
result the extinction position in polarised light could be used to align the crystal in a known way, 
Observations were made at a crystal edge and two sets of fringes were compared, due to light 
which in one case had passed through the crystal and in the other had not (see Fig. 2), The 
displacement of the one set relative to the other is expressed in units of fringe separation but only 
the fractional part, f, of the total, m + / (n integral), was observable, Crystals with tapering 
edges, which would have enabled the total displacement to be observed, were of non-uniform 
thickness and so unsuitable for the spectral measurements. The fringe displacement (n + /) 
represents a change in optical path by an amount 2d(y,, — ) [d is the physical thickness of the 
crystal, ,, the appropriate refractive index of the crystal, » the refractive index of the surrounding 
medium), Since each unit of fringe displacement represents a change in optical path length 
by i, then d = (m + f)2/[2(u. — w))]. A single observation not being sufficient to determine d, 
observations were made at a number of different wavelengths, viz., 5890-5896 (Na); 5770 
5790, 5461, and 4360 A (Hg). ‘The value of (nm +f) depended on ) because of the variation in 
, andy. From the group of f values so obtained for the various values of 2, d was determined 
graphically. For a given 3, y,, and yp, a plot of d against (m + /) is linear, so for a given crystal 
and for given optical directions within it a chart may be drawn similar to that shown in Fig, 3 
for the a and b crystal directions in sublimed anthracene flakes, Inspection of the chart reveals 
which value of d best correlates with the observed group of f values. Fig, 3 applies to anthracene 


5 Heavens, J. Sci. Instr., 1950, 27, 172. 
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when mounted directly on aluminium and surrounded by air, Difficulties met included : (i) the 
fact that sometimes for a particular crystal the wavelength used was such that reflection from 
the upper and the lower crystal surface gave rise to destructive interference, which obscured the 
dark fringes in the crystal; (ii) because of the fact that the mercury doublet, 5770 and 5790 A, 
was not separable by the filter used the definition of the fringes varied with the order of the 
fringe and so with the crystal thickness; (iii) the sense of the fringe displacement, right or left, 
was not immediately obvious, Whether an observation was either of f or of (1 — f} was 
resolved by one or other of the following methods: (a) By applying a gentle pressure to the 
upper surface of the interference wedge, directly above the crystal, the fringes could be made to 
move in a direction opposite to that of the original displacement due to the crystal; (6) an 
increase in the wedge angle caused the fringes to move towards the apex of the wedge. Since 
the optical path between the reflecting surfaces was increased by the presence of the crystal, 
the fringes were always displaced by the crystal in the same way; (c) replacement of the point 
source by an extended source * produced a broadening of the fringes on the side of increasing 
thickness; (iv) the error in any one observation of f was often 0-1 of a fringe. Consequently, 
there were sometimes several values of (n + f), and thus of d, which were consistent with the 
one set of observations of f. In such cases a comparison was made with the results from other 
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Fic. 3. Fringe displacement in anthracene. 
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methods, or else the air inside the wedge was replaced with water and a second group of f values 
obtained, which with the first indicated an unambiguous value for d. The results on some 
anthracene crystals which were measured several times with both water and air media are 
included in Table 2. The error in the observation of f was independent of the value of nm and 
therefore the percentage error in measuring d was greater the thinner the crystal. For crystals 
03 thick, which were suitable for spectroscopic work, the accuracy was +0-015y. The 
accuracy is therefore comparable to that obtained in the spectroscopic measurement of 
absorption intensity, 

(b) Two-beam Method.—The measurement of crystal thickness by studying the variation 
in two-beam interference with wavelength is a refinement of the visual observation of inter- 
ference colours, The interference arises from the light’s being reflected from both the front and 
the rear surface of the crystal, In air, there is a change of phase of x, corresponding to 2/2, 
upon reflection from the front surface across which the refractive index increases, but not upon 
reflection from the rear surface. A crystal of anthracene which lay across an aluminium-silica 
boundary showed two colours: the area covering silica retained the colour observed at normal 
incidence in air, whilst the area covering the aluminium changed to the complementary colour. 
Such experiments established the existence of a phase change at an anthracene-aluminium 
interface, a fact which was hard to predict because of the variation of the refractive index of 
aluminium films with thickness.’ For a wavelength at which the two beams interfere 


* }brossel, Nature, 1946, 167, 623 
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destructively upon reflection and at which the transmitted light is a maximum, the optical 
thickness, ¢, of the crystal is given by 


t = n)d/2, where n = 0,1,2 : ee ee Rh kg 


It is assumed that the crystal is mounted on silica or other material for which » < py. For 
a wavelength at which the transmitted light is a minimum, 


t= (Qn + 1/4; n— 0,12... a 


for a mounting on silica. When the crystal is on aluminium equation (1) applies to a minimum 
and equation (2) to a maximum in the transmitted light. The spectrum of such a crystal 
contains alternate light and dark bands, ‘‘ apparent absorption’ bands, but these are 
unimportant where true absorption is strong. 

A Beckman DU spectrophotometer was used to determine the wavelengths of maximum and 
minimum light transmission up to about 13,000 A. Typical curves, for anthracene on silica and 


‘eee mess TY 


y 


densit 


Fic. 4. Two-beam interference bands. 

(a) For thin anthracene crystal on silica, 
(6) for thicker anthracene crystal on 
alumin sed silica 


° 
2) 
2) 


° 
~ 
2) 


~ 
6 
AS) 
= 
o 
= 
s 
iw 
1°) 
4 
cy 
x 


N\ “KN 
: V/ \ \ po 
\ \V / og Jame 


a! 4 inci 1 
4000 8000 /2000 


Wavelength (hy 


(for a somewhat thicker crystal) on aluminium are shown in Fig. 4. Curve (a) is characteristic 
of low-order interference. 

The refractive index of anthracene crystals varies with the wavelength in a known way.** 
Consequently the physical thickness of the crystal can be calculated from the formula d 
kd/u. where k = n/2 in equation (1) and k = (2n + 1)/4 in equation (2). The value of & corre 


TABLE 1. Values of 2, d/u0, k, and d, for a and b directions in an anthracene crystal 
on aluminium. 
a direction b direction 


ane o - ’ 
Transmission A* A | je d* A* AJ jhe d* 
Minimum ¢ . , 1-11 0-695 0-348 1-16 (682 0-341 
Maximum . 0-844 0-510 0-382 0-000 O-512 0-383 
Minimum : 0-612 0-370 0-370 0-684 0-383 0-383 
Maximum 2 O05 0-299 O74 0-545 0-300 O375 
Minimum 7 0-430 0-246 0-370 0-465 O-245 0-368 
Mean d =~ 0369 0-009 
* In microns ¢t Corresponding to a maximum in optical density 


sponding to the experimentally determined 4/y, can easily be found by inspection. By applying 
this procedure to the thicker crystal of the two in Fig. 4, d was found to be 0-369 +4 0-009 u (see 
Table 1). It is not easy to explain the variations in the value of d in Table | unless the 


* Obreimov, Prikhotjko, and Rodnikova, Zhur. ehsp. teoret. Fiz., 1948, 18, 409 
* Eichis, thid., 1950, 20, 471. 


2662 bree and Lyons: The Intensity of Ultraviolet 


Table 2. Crystal thickness (in microns) measured by multibeam and two-beam 
interferometry. 
Multibeam 


Crystal In air In water Two-beam 
0-345 4+ 0-018 0-355 + O-O15 0-369 + 0-009 
0-350 + 0-016 none 0-367 -+- 0-006 
0-185 + 0-015 a 0-192 -+- 0-003 
0-485 4+ 0-015 0-510 + 0-015 0-467 + 0-007 
0-460 + 0-015 _ 0-458 + 0-004 
0-195 + 0-016 — O177 + 0-006 
0-182 + O-O15 = 0-190 + 0-010 


t 
! 
t 
I 
t 


refractive indices themselves involve a significant error. In particular, the value of yp at 
1-11 microns appears to be rather in error. The formula 337 /(N*?) was used for the error 
(y, the modulus of the deviation of an individual value from the mean; N, the number of values 
of d). Yor the crystal discussed in Table 1 (No. 1 in Table 2) the error was over 2%. This was 
higher than that usually found, as may be seen from Table 2. 

Experimental errors arise from two causes when the crystal is thin. The few maxima and 
minima observable in the visible region are broad, since the interference is of low order. The 
wavelengths of maxima and minima are then measurable with less precision, and the number of 
turning points is also low. 

A comparison of the various methods used shows also that the multibeam method using air 
gives results consistent with the same method using water as the medium between the plates 
oth multibeam methods agreed with the two-beam method to within the errors calculated for 
each, Of the two, the results indicate that the two-beam method has greater accuracy under 
the conditions used and since, also, it does not require a mounting on aluminium, it is the 
more suitable in applications to spectroscopy 
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525. Uhe Intensity of Ultraviolet Light Absorption by Monoerystals. 
Part 11.* Absorption and Reflection by Anthracene of Plane-polarised 


Light. 
By A. Bree and L. E. Lyons. 


Keflection and absorption spectra are reported, from 4000 to 2150 A, for 
anthracene monocrystals, the thicknesses of which were measured by 
interferometry (Part 1*), Oscillator strengths and extinction coefficients 
for two 6 polarised transition components (at 3930 and 2680 A; f = 0-062 
and 0-047) and for an a polarised component (at 3930 A; f = 0-025) are 
reported as the result of direct absorption measurements. Oscillator 
strengths of a further a component (at 1700 + 200 A; f 0-5) and a b 
component at 2270A (f = 0-03) were calculated from refractive indices 
derived from the reflection spectra, The results verify a number of existing 
theoretical predictions as to the polarisation ratio of System I, the reality of 
intermolecular intensity ‘ stealing '’ in molecular crystals, and the magnitude 
of Davydov splitting of System II, as well as confirming the assignment of 
Systems I and II to B,, and B,, upper electronic states. Evidence is 
presented that System III records a B,, upper state. A further weak 
transition, in @ polarisation near 2570 A, possibly denotes a theoretically 
expected B,, upper state. 


Tue relatively few polarised ultraviolet absorption spectra recorded on organic mono- 
crystals have not usually given information on the absolute intensity of absorption. 
An exception is the calculation, from refractive-index measurements, of oscillator strengths 


* Part I, preceding paper. 
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for the 3900 A system in anthracene crystals.’ This method, which is applied here to 
the third main absorption system of anthracene, has previously been used only for the 
first system, I. Other methods * used on anthracene were of much higher accuracy for 
relative intensities than for absolute values. The absorption in anthracene crystals at 
2680 A predominantly polarised in the 6 crystal direction, has been associated,’ not with a 
vapour transition polarised aiong the shorter in-plane molecular axis, y, but with the 
weaker component of a transition polarised along the longer in-plane molecular axis, x. 
The stronger component was assumed to be separated from the weaker and displaced 
towards the violet by some 16,000 cm.'. This result was consistent with the absorption 
of the crystal in both the 2200 and the 1890 A region being polarised in the a crystal 
direction. The value ® for e, (26,300) at 2680 A was assumed ® to confirm the « polarised 
nature of the transition because of the approximate agreement with « (9100) calculated 
from the solution coefficient. The interferometric method has enabled us to test this 
assumption with considerably more precision than was obtained previously, 


Experimental procedures involved the measurement of feeble light intensities since it 
proved almost impossible to handle crystals less than 0-18 » thick (about 200 molecular layers). 
Increasing the light intensity, by focusing the light on to a small area of the crystal, was not 
permissible, since only parallel light was wanted. (it was shown that for the 3900 A system a 
convergence of the light at the crystal produced a decrease in observed optical density, which is 
consistent with the transition’s being short-axis polarised. This method of determining the 
polarisation of a crystal transition may be performed without any polarising prism in the optical 
path.) 

The source was either a ‘‘ Vitreosil ’ hydrogen discharge lamp or a 60/24 w tungsten filament, 
A Wollaston prism which could be rotated through 180° to interchange the two beams provided 
plane polarisation of the light. The crystal could be rotated by known amounts, The 
incident and the transmitted beam were examined alternately with a 1P28 photomultiplier 
placed behind the exit slit of a monochromator from a Keckman DU spectrophotometer, 
Errors * were avoided by comparing similarly polarised beams falling on the same area, The 
photomultiplier response was assumed directly proportional’ to the light flux. The space 
around it and the grid resistor was desiccated with phosphoric oxide. The D.C, amplifier ® was 
used as a null-point detector, whose sensitivity was controlled by shunts and a variable grid 
resistor. For the reflection spectrum the crystal was mounted on a fused silica disc and the 
intensity reflected from the anthracene was compared with that reflected from the disc, A 
parallel beam of light fell normally (4.2°) on the reflecting surface and passed through the 
polarising system before entering the monochromator. The reflection from the silica disc was 
calculated from the known refractive indices." 


The results quoted for e in Tables 1 and 2 are all mean values with the exception of «, at 
3930 and 3720 A. In general the accuracy was such that all readings were within 5%, of 
the mean. This error was attributed more to the spectrophotometry than to the thickness 
measurement. At wavelengths below 2900 A the readings for e might be low owing to stray 
light but the use of a filter between 2900 and 4000 A removed all but a negligible amount 
of stray light, as is shown by the reproducibility of e for various crystal thicknesses. How- 
ever, at wavelengths at which absorption was very strong the effect of stray light again 
became important. No matter how thick the crystal used there appeared to be a limiting 
optical density (£) of about 3-4, which could only have been due to stray light. A plot of 
E, against thickness for 3930, 3720, and 3530 A is shown in Fig. 1. Since the origin must 
be a point on the graph the broken lines through the origin give minimum values for F,. 
In the case of 3720 A the line passes nearly through the points observed on the two thinnest 
crystals and consequently FE, observed on the thinnest must be very close to the true value, 

' Obreimov, Prikhotjko, and Rodnikova, Zhur. chsp. teoret, Fiz., 1948, 18, 409 

* Fichis, ibid., 1950, 20, 471 

* Craig and Hobbins, /., 1955, 539 

* Lyons, /. Chem. Phys., 1965, 28, 1973 

* Ferguson, Iredale, and Taylor, /., 1954, 3160 

* Normand and Kay, J. Sct. Inst., 1952, 29, 33; Clancy, J. Opt. Soc. Amer., 1952, 42, 357 
7 
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Engstrom, thid., 1947, 37, 420 
Jenkins and White, '' Fundamentals of Physical Optics,’’ McGraw-Hill, New York, 1960, 
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being if anything a little less. For 3930 A, E, for the thinnest crystal is given in Table 1. 
The true value must be as great as or greater than this. At 3530 A all the points fall on a 
straight line which passes through the origin. It follows that, for the optical density 
range covered, scattered light was negligible. This indeed was the situation except when 
E > 2-2. 

A variation of E with slit width was observed : the wider the slit the smaller was the 
optical density. This effect reduced an optical density from 2-6 to 2-5 when the slit was 
opened from 0-08 to 0-20 mm. but became of little importance for further opening. In all 
experiments the minimum slit width was used, but even so the very high extinction 
coefficients are again liable to a small correction. Where this applies the minimum value 
is shown in the Tables. 

Reflection of light from the front and the back surface of the crystal and from 
the surfaces of the silica dise was appreciable. It may easily be shown that the 
reflection correction to Evy. is given by logyy where y denotes [(1 — 1-92R,)/ 
(1 RU R,)(1 k,)|; R, is the fractional reflection at an air-silica surface, R, that 
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an air-anthracene surface, and R, that at an anthracene-silica surface. R, 

1)*/(u, + 1)® where y, is the refractive index of silica. In an absorption region R, 
[(u — 1)® + A®}/[(u +- 1)* 4+ #*)) where p is the refractive index of anthracene and k the 

extinction index, related to e, the molar extinction coefficient, by the formula 4 
2-303 dec/4n [d, the wavelength in air; c, the molar concentration of anthracene in the 
crystal (¢ = 7-Om)). It follows that k = 1-28). 2, is given by a formula similar to that 
for R,, except that 4. replaces unity. Values of R, were obtained from measurements of 
the reflection from an anthracene crystal over the range 2200—4000 A. Fig. 2 shows 
spectra of a crystal sufficiently thick for back-surface reflection to be negligible at wave- 
lengths for which absorption occurred, R, being determined, p, X,, and y were calculated 
in that order. The resulting corrections to ¢ are shown in Fig. 4. In Fig. 3 is shown the 
curve for « (corrected) against v, as well as the spectrum in a solution of tsooctane.'® 
Since the maximum refractive index near an absorption band occurs at a wavelength 
greater than that of the peak of the band, it follows that the maximum reflection will be at 
a wavelength greater than that of the band peak, Observation of the wavelength of the 
peak will therefore be slightly altered when allowance is made for reflection. Such a 
reflection correction ” will become important only when small wavelength intervals are 
of interest, as, for example, in studies on the Davydov shift in crystal spectra. Preliminary 
studies indicate that the reflection correction is of the order of 10 cm.~} for the 3920 A peak 
in anthracene. Values for molar extinction coefficients, corrected for reflection losses, are 
listed in Tables 1 and 2 and for oscillator strengths in Table 3. Certain derived quantities 
are also shown. « and e,, referring to electric vector vibrations along directions b and a, 
are defined by & (or ,) = (L/ed) logy (/9/1) (¢ = 7-0 moles/l.; d is the thickness in cm., 
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I,, J, are the intensities of incident and transmitted light) The quantity «, = 
(1/cd) logy, (J9//) is not a true extinction coefficient when unpolarised light is used. It is 
easily shown that «, = (1/cd) (logy, 2 — log,, {10° ** +- 10 **)|. As d increases, the term 
in ¢, becomes increasingly more important than that in &, provided e& <. Also, as d 
increases the term (1/cd) log 2 decreases. Consequently, ¢, will approach e, for large d, 
when «, <«. That this is consistent with experimental results is shown in Fig. 5. Such 
a variation in ¢, represents a failure of Lambert's law for such crystals in unpolarised light. 
If it happens that e, = e, at any wavelength, then ¢, = «,(= «) also. Such a point occurs 
in the anthracene crystal spectrum at about 2430 A. In Tables 1 and 2 there are given * 
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Fics, 2—4. 6, a, refer to anthracene crystals examined in light plane-polarised parallel and per- 


~ 


pendicular to the 6 crystal axis, Broken lines refer to values in isooctane solution 


e,, & (observed) and e’,, e’, [calculated from e (solution), an oriented-gas model being 
assumed and the known orientations of the molecules in the anthracene crystal being 
used®}. Values of e’, calculated for transition moments along both the x (longer) and the y 
(shorter) axis in the molecular plane, are given. (Polarisation perpendicular to the 
molecular plane is of no importance in m~x transitions.) 


Oscillator strengths, f, are given by f = 4-31 x 10 Hf for a solution or gas where 
v is the wave number in cm."!, but for plane-polarised light on an anthracene crystal, 
Sa,v,p = 144 x 10° «, », p dv, where p is a crystal direction perpendicular to both a and b. 

* For the remainder of this paper primes will be used to denote calculated values as opposed to 


unprimed letters for observed values. 
* Mathieson, Robertson, and Sinclair, Acta Cryst., 1960, 3, 245, 251 
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It is implied that f =f, +f, +f, In terms of extinction coefficients as defined above, 
the solution value, ¢, is given by e¢ = (1/3)(e, + & +-¢€,). Such a comparison between 
solution and erystal coefficients is valid only when the crystal bands actually correspond 
to the solution band, If there is splitting in the crystal all measurements must be taken 
at the actual band positions. The comparison in any event becomes invalid to the extent 
that intermolecular interactions in the crystal increase the intensity of one absorption 
system as a result of the presence of another (“ intensity stealing ’’), the second-order 
perturbation effect.'° Further errors may arise if there is a different vibrational structure 
of the band system in the crystal from that of the solution. Despite these difficulties it is 
possible to arrive at valuable conclusions when the two last-mentioned are neglected. 
System I of the molecular absorption (cf. Tables 1 and 3) occurs in solution with peaks 
at 26,680, 28,130, 29,520, and 30,940 cm.'!, having v = 0,1,2,3 (v is the number of quanta 
of the totally symmetric vibration excited in the upper state). In the crystal the peaks 
appear, with a slight splitting which is neglected here, in both ) and a polarisations, but 
displaced to 25,450, 26,880, 28,330, and 29,760 cm.4, (The measured splitting * should be 
subjected to the “ reflection correction ” as indicated above.) It is possible to deduce that 
the molecular transition is A, — Bz, (y polarised) by comparing the extinctions (e, ,) 
measured in the crystal with those (e’, ,) calculated from the value in solution, since the 
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values of e’,» depend on the molecular direction in which the transition is polarised, If the 
transition is x (long-axis) polarised there is quite good agreement between e’, and «, 
(Table 1) for the various peaks, but no agreement at all between e’, and &. However, for 
a y polarised transition, agreement is obtained between e’, and e, and also between ¢’, and e, 
(to within a factor of 2—3). The same conclusion holds when oscillator strengths are 
considered : there is agreement between f, and /’, and also between f, and /’,, if the 
transition is y polarised, but no agreement between /, and /", if the transition is x polarised. 
It follows that the transition is y polarised. If the oriented-gas model were completely 
satisfactory as a description of the crystalline state of anthracene the ratio of the absorption 
intensities in the two directions (f’,/f/’,) would be greater than 7:1. The experimental 
ratio (f,//,) is about 25: 1 and certainly not greater than 4:1. Such a lowering has been 
expected © on theoretical grounds. In fluorescence the corresponding ratio has been 
observed ™ as 3:1. This shows that the presence of intermolecular forces affects the 
spectrum. Table 3 allows the theoretical explanation to be put to a further test than that 
involving only the ratio of f, to f,, for it is now possible to compare /, with f’, and f, with 
/', and so to discuss in a quantitative way the phenomenon of “ intensity stealing.” 

There are two types of intensity stealing, one of which is intramolecular ™ and the other 
intermolecular. Both occur in crystals. We consider the present measurements only in 

1 Craig, /., 1955, 2302 

'! Ganguly and Chaudhuri, /. Chem. Phys., 1951, 19, 617 


® Herzberg and Teller, Z ay Chem., 1933, B, 24, 410; Craig, J., 1950, 59; Craig and Lyons 
Lyons, Ph.D. Thesis, London, 1952 
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TaBLe 1. Molar extinction coefficients at turning-points in the first main absorption 
system, I, of anthracene. 
Crystal 
Solution err ~ 


« calc.t e’ cale.t 
c Polaris- for for y 
A(A) vw (emo) (obs.) 4 A(A) v(em-) ationt transition transition et 
3760 * 26,680 8380 3930 * 25,450 b 390 20,500 221,300 * 
260 2600 7040 * 
5300 
1440 
390 20,000 = 16,400 * 
6200 2600 5820 * 
4300 
1516 
260 13,000 7460 * 
4000 1700 2820 °* 
2050 
1300 
130 6900 3360 * 19 
2100 900 1730 * 


alt ~) 


3800 26,320 

3720 * 26,880 

3600 27,780 

29,520 3530 * 28,330 

3430 29,150 

3230* 30,940 2860 §=63360* 29,760 


aravrevs 8 OR 


Values marked * are maxima. 

¢ 5 and a indicate polarisation parallel and perpendicular to the b crystal axis respectively; # is 
the longer and y the shorter molecular axis. 

¢ Corrected for reflection losses. 


TABLE 2. Molar extinction coefficinets, ¢, at points in the second main absorption 
system, II, of anthracene. 
Crystal 
Solution ce A 
t ~ — e’ cak e’ cale 
e Polaris- for * for v 
A (A) v(cm.~') (obs.) ** A (A) v (cm) ation transition transition ze} 
2520 * 39,680 232,000 2680 * 37,310 b 9100 480,000 9000 * 
a 170,000 72,000 1900 
2635 37,950 b -— - 5250 
a 2300 
2450 * 40,820 96,000 2590 * 38,610 3800 240,000 6620 * 
71,000 30,000 3200 
2520 39,680 5170 
4300 
2480 40,320 5070 
4800 
2440 40,980 4770 
5200 
2400 41,670 4630 
5700 


For notes, see Table | 


TABLE 3. Oscillator strengths in solution and crystal, and derived quantities, for 
Systems I and II and for sections of System I. 


System I 
ite 


v* 0 1 2 3 
Amex. (A) 3930 3720 3360 Total System II 


Crystal f¢ 
20-023 20-021 CD <0-008 0-062 0-047 
0-024 0-018 Oot 0-078 0-035 
0-008 0-004 <O-007 0-025 
0-0032 0-0024 06-0014 0-010 0-67 
2-45 
O-8 
2-6 


O-O15 0-087 


0-022 0-031 0-023 0-013 0-099 


* v, Quanta of totally symmetric vibration 
t f’ calculated from value of f in solution by first-order theory for y transition 
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relation to intermolecular stealing. The quantity f,//’, > 1 indicates that the a component 
has been strengthened in the crystal. The observed ratio of 2-5: 1 agrees well with that 
estimated theoretically to the second-order approximation. The ratio /,/f’, < 1 and so it 
must be concluded that, in the erystal, “ intensity stealing "’ is in the opposite sense for 
the 4 and a polarisations. This result is predicted theoretically but has not previously 
found experimental verification. 

As a measure of the relative intensities in the two polarisations the quantities /,/f, and 
e,/e, are the simplest. Craig and Hobbins* introduce a polarisation ratio which, for 
systems like I, in which the Davydov splitting is small, has very nearly the same value as 
Silfa. in Table 3 values of f,/f, are given. These are comparable with Craig and Hobbins’s 
theoretically calculated ratios and their experimental results. The three values (for the 
peaks with v = 0,1,2) are respectively >41 (3-0, 2-0); 22-6 (2-8, 1-7); 2-75 (2-6, 1-5). 
Our results show fairly good agreement with the theory and therefore support it. The 
observed decrease in the ratio, as v increases from 0 to 1, is more pronounced experimentally 
than the theory predicts. The ratio «,/e, varies more regularly with v than f,/f,, probably 
as a result of a vibrational distribution in the crystal different from that in solution. In 
particular, the unexpectedly high value of f, for v = 0 may be partly due to the band’s 
covering a number of crystal vibrations, but e, for v = 0 is also high. Present theory has 
not predicted this, It could perhaps be due to a Franck-Condon effect, the size of the 
excited state in the crystal being slightly smaller than that in solution, but the results for 
the a polarisation then remain a difficulty. 

The absolute values of oscillator strengths for the complete system were calculated * 
from refractive-index measurements as f, = 0-13 and f, = 0-04. The earlier Russian work 
had yielded very much higher figures. Our results of 0-06 and 0-025 are lower again. The 
extrapolation of refractive-index figures is a procedure liable to appreciable error and the 
difference in the two sets of values is possibly so explained, It is clear that f, +- f, accounts 
for 0-09 of the total solution value of 0-10. By difference, /, is expected to be about 0-01, 
From the solution value, on first-order theory, f’, is calculated at 0-01. Since f’, and f, 
agree it is again clear that the transition is not long-axis polarised, since an x polarised 
transition would have /, greater than f, and /,. 

The reflection spectra obviously confirm that the absorption is 6 polarised, but the 
heights of the reflection peaks are of little quantitative value, since they depend on the 
refractive as well as the extinction index. (The peaks above 4000 A in Fig. 2 are due to 
interference effects, which were negligible in regions of strong absorption.) 

System II cannot be discussed in as much detail as System I since the a component 
appears chiefly at lower wavelengths.’ The agreement (Table 3) between /’, and /, 
confirms the assignment of the 2680 A absorption to the 6 component of System II 
(x polarised). Comparison of extinction coefficients (Table 2) is in this case better than 
the use of oscillator strengths, since the error in determining f, is greatly increased by the 
onset of the next transition. For System II, e, = 9000 and e,’ = 9100 (Table 2). Since 
the error in e’, is about 3% and in e about 5% the agreement between e, and e’, is as good 
as could be expected. The agreement between calculated and experimental results obtained 
by Craig and Hobbins * was satisfactory to within a factor of three. Their conclusion that 
such a discrepancy was due to the experimental methods used rather than to a deficiency 
in the theory is seen therefore to be justified. The present results for ¢, accordingly 
provide a remarkable confirmation of the basic theoretical idea that Davydov splitting is 
responsible for removing the strong a component to another part of the spectrum (into the 
vacuum region), Such a removal furthermore explains why there is no agreement between 
the values of e, and e’, at about 2680 A, At the same time, e’, = 170,000 is predicted for 
the intensity of the 4 component at lower wavelengths. System II is found also in the 
reflection b polarised spectrum with inflections at 2675, 2590, and 2490 A. Such inflections 
are not paralleled in the a polarisation. However, the general rise in the reflection of a 
polarised light as the wavelength decreases. indicates a very strong a polarised transition 
below our experimental limit. The b polarised inflections near 2675, 2590, and 2490 A are 
all presumably associated with the one electronic origin and correspond to the absorption 
peaks at 2680 and 2590 A. In the a polarised reflection spectrum there is a slight and 
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almost imperceptible hump between 2500 and 2600 A. That this has a basis in reality, 
although it is only of the same order as the experimental error, is suggested by the 
occurrence of a broad peak in the absorption spectrum between 2400 and 2690 A. This 
was investigated carefully on a number of crystals and appeared in every case. 

There are several possible explanations of this a absorption: (i) The a absorption 
appears because of crystal strain, misalignment, or imperfect crystal structure. (ii) If 
System II were not greatly split, the a absorption could be the component of a transition 
to a By, upper state. In this case the splitting might be explicable but all the intensity 
measurements calculated from the solution extinction would be low by a factor of 1/60. 
Molecular-orbital theory (LCAO) * also disagrees with such an assignment, as does the 
free-electron result.“ (iii) The @ absorption is a long-wavelength tail of the strong a 
component which has its origin at shorter wavelengths. but the intensity seems too great 
for this. (iv) The absorption is interpretable as a separate electronic transition. There is 
predicted * a B,, upper state having the same energy as the Ay, state terminating 
System II. Transitions to this are electronically forbidden but could appear, as does the 
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2600 A transition in benzene, through the action of vibrations. Such a transition would 
not be observed in solution beneath the very intense By, system, 

Strong 4 absorption observed at low wavelengths could be the beginning of either the 
next transition or else the a component of System II, in which case it is at rather higher 
wavelengths than expected from theory. 

System III was observed plainly only in the } reflection spectrum. The absorption 
spectrum showed a peak at 2220 A but this estimate of Am» could well need correction 
because of the presence of stray light. In the reflection measurements the stray light was 
less important. The inflection in the b reflection spectrum has a centre at about 2200 A 
and certainly indicates a b polarised optical transition near this point. From the 6 
refractive indices observed as 2-59 (2280 A), 2-46 (2290 A), 2-33 (2310 A), and 2-24 (2330 A) 
the band origin was estimated as 2270 A and the oscillator strength f as 0-4. In solution 
there is a transition }8 with f = 0-28 but this apparently includes some intensity from the 
overlapping very intense neighbouring system. Extinction coefficients gave rise to a 

4 Coulson, Proc. Phys. Soc., 1948, 60, 257. 

™ Platt, /. Chem. Phys., 1950, 18, 1168. 

4 Klevens and Platt, J. Chem, Phys., 1949, 17, 470. 

1* American Petroleum Inst., ‘‘ Catalog of U.V. Spectrograms,"’ Project No, 44 at N.B.S., Nos. 91 
and 170 

4u 
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more conclusive argument. From the absorption spectrum (Fig. 3) it is clear that e, 
at about 44,500 cm. (2260 A) definitely exceeds the peak solution value. Errors due to 
stray light would increase the crystal value and thus make the difference more pronounced. 
Now the only one of the three possible molecular transition polarisations which will make 
e, (crystal) greater than ¢ (solution) is the y direction. In this case e’, = 2-4e (solution). 
A z transition (polarised normal to the molecular plane) would give ce’, = 0-56¢ (solution) 
and an « transition ¢', ~ 0-045 (solution). The presence of second-order effects will 
modify these figures somewhat, but it seems unlikely that the difference in e/e (solution) 
between the y and either the x or the z direction will be upset. Consequently the intensity 
measurements show that System III is y polarised and the upper state concerned is of 
symmetry By. The @ component is expected to occur at only slightly shorter wave- 
lengths than the 6, since the total transition intensity is not great. Also the a component 
is expected to be rather weaker in intensity than the 6, having ¢’, = 1000, on first-order 
theory. Intensity stealing from the exceedingly intense a component of System II would 
increase the value of «. The observed absorption in the a polarisation is greater than in 
the b at about 44,500 cm.!. This is in accord with earlier observations +4 and may be 
explained as being due not only to an enhanced a component of System III but to the 
onset of the intense a component of System II. The reflection spectra support this view. 
The assignment of System III as By, is supported by LCAO molecular-orbital theory. 
Coulson ™ calculated the energy of the third excited state which terminated an allowed 
transition as being 1-78 times as much above the ground state as was the first excited state. 
The spectrally observed ratio of the third to the first state’s energy is 1-74. Theoretically, 
the symmetry of the third excited state was determined as B,,, thus supporting our 
experimentally based conclusion. However, theoretical methods are still inconclusive. 
Ihe present experimental position is summarised in Fig. 6, with the assignments and 
correlations between solution and crystal spectra which have been discussed above. 


We are indebted to the Commonwealth Research Fund for financial support (to A. B.), and 
to Professor D, P. Craig and Mr. J. Ferguson for helpful discussions, to Professor Craig for 
reading the manuscript, and to Dr, C. K. Coogan for advice on reflection spectroscopy. 
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526. The Structure of Cyperone. Part V.* The Steric Course of 
Reduction of the Cyperones. 


By R. Hower and F. J. McQvuiLiin. 


rhe products of reduction of (4+-)-a-cyperone, (+)-8-cyperone, and (+-)- 
epi-a-cyperone by various methods have been characterised, and configur- 
ations assigned. A novel inversion has been encountered during hydrogen- 
ation of members of the epi-series and its mechanism is discussed. 


HYDROGENATION of (-+-)-a-cyperone (1) was found by Simonsen and his co-workers ! to 
give a tetrahydro-derivative, [a]544, +14°8°. The same homogeneous product (II) has 
now been obtained from (-+-)-6-cyperone (III). Since (+-)-«-cyperone has the configuration 
(1),* hydrogenation of (-4-)-6-cyperone at the 5: 6-double bond must take place from the 
a-face of the molecule. Concomitant saturation of the 4 : 10-double bond through the same 
absorbed complex will lead to the trans-tetrahydro-ketone (IIa). Analogous steroid and 
similar mono- and di-unsaturated ketones, however, yield cis-, trans-, or mixed products 
depending on the other substituents. Intermediate desorption to give a cis-fused product 
(IIb) or the more stable form (IIe) thus cannot be excluded. 

Partial reduction of 6-cyperone preferentially at the 5: 6-double bond has also been 


* Part IV, /., 1965, 2423. 
+ Bradfield, Hegde, Rao, Simonsen, and Gillam, J., 1936, 667. 
* McQuillin, J., 1955, 528. 
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examined. In an analogous case Woodward e al.* were able to reduce the terminal bond 
of a dienone by using a palladised strontium carbonate catalyst in benzene. In another 
instance * reduction of a steroid dienone by zinc in acetic acid has been reported. We have 
compared these two methods. In our case the former required modification in order to 
achieve reasonably selective reduction; partial poisoning of the catalyst by lead acetate 
(cf. Lindlar °) was found to be effective. Addition of pyridine which has been found to be 
useful in controlled reduction of acetylenic * and of ethylenic bonds of differing reactivity 7 
was found on the other hand to assist complete reduction of 6-cyperone to alcohols. 

Both methods led to the same dihydro-derivative which for the following reasons may 
be shown to be (VI). Reduction of (+-)-a-cyperone by means of lithium in liquid ammonia 
leads to a single product which on analogy with similar steroid reductions * may be given 
the trans-fused structure (IV); the 4-methyl substituent is presumed to take up the more 
stable configuration. Catalytic reduction of the side chain of this product (IV) gave a new 
tetrahydro-cyperone (V), which could also be obtained from the dihydro-compound (V1) 
by long treatment with zine and acetic acid. Partial reduction of 6-cyperone, catalytically 
or by zinc and acetic acid, must therefore lead to the product (V1) in which the isopropyl 
side chain adopts the stable 66-orientation. Similarly reduction at the bridge-head by 
zinc and acetic acid must, as with lithium in ammonia, lead to the stable frans-fused 
product (V). 

The isomeric tetrahydro-ketones (II) and (V) gave closely similar, but differing, infrared 
spectra, and derivatives of the same melting point but differing rotation. The former 
ketone, regarded as a primary product of hydrogenation, trans (Ila) or cis (11), will possess 
the less stable configuration at Cy). Enolisation towards C,,) will be sterically impeded in a 
trans- and facilitated in a cis-product,® and the rate in each case relatively reduced by the 
equatorial disposition of the hydrogen atom concerned.’® Our material was not appreciably 
changed by vigorous acid or alkaljne treatment or catalytically. A structure (Ile) formed 
by spontaneous inversion during hydrogenation or subsequent manipulation is perhaps 
more likely than extreme resistance !®™ to inversion of a trans-ketone (IIa). 

The ketol (XIII), previously described,? was smoothly hydrogenated to a crystalline 
dihydro-ketol (XII), and then dehydrated by alcoholic potassium hydroxide to the 
unsaturated ketone (XI), which in turn could be reduced by lithium in liquid ammonia to a 
tetrahydroepicyperone (XIV). The di- and the tetra-hydroepicyperone (XI) and (XIV) 
were shown to be different from (VI) and (V) respectively and their corresponding deriv- 
atives. The 6«-configuration of the side chain must therefore be undisturbed during these 
transformations; the ketol (XIIT) was recovered unchanged after refluxing with palladised 
charcoal in alcohol in absence of hydrogen. This is of some importance in view of the 
behaviour of (-+-)-ept-a-cyperone (VII) on hydrogenation. A crystalline tetrahydro-ept- 
a-cyperone has previously been described.* The proportion of this crystalline product, 
now shown to be (X), has been found to vary considerably with the ratio of catalyst used. 
It is accompanied by a liquid ketone from which the tetrahydro-66-isopropyl ketone (IT) can 
be isolated as the oxime in high yield. This inversion of the side chain to the stable 66- 
configuration was confirmed in the hydrogenation of the dihydro-epi-ketone # (VIII) to a 
single product identical physically, in its infrared spectrum, and in its derivatives with (V). 
Hydrogenation of the dihydro-ketone (XI), however, led to the crystalline tetrahydro- 
ketone (X) in high yield. , 


Woodward, Sondheimer, Taub, Heusler, and McLamore, /. Amer. Chem. Soc., 1062, 74, 4223. 
Fieser, Rejegrayeems Wilson, and Tishler, bid., 1951, 73, 4133 


Lindlar, Helv. Chim. Acta, 1952, 35, 446. 
Ruzicka and Miller, ibid., 1939, 22, 755 
(a) Hershberg, Oliveto, Gerold, and Johnson, J. Amer. Chem. Soc., 1951, 78, 5073; (b) Oliveto, 
Weber, and Hershberg, ibid., 1954, 76, 4482. 
* (a) Sondheimer, Mancera, Rosenkranz, and Djerassi, ibid., 1953, 76, 1282; (b) Barton, Ives, and 
Thomas, /., 1954, 903 
* Barton, Cookson, Klyne, and Shoppee, Chem. and Ind., 1954, 21; Taylor, ihid., p. 250; Baddeley, 
Ann. Reports, 1954, §1, 154 
* (a) Corey, Experientia, 1953, 9, 32%; (b) Bladon, Henbest, Jones, Lovell, Wood, Woods, Elks, 
Evans, Hathway, Oughton, and Thomas, /., 1953, 2921; Crawshaw, Henbest, and Jones, J., 1954, 
733 


2672 Howe and McQuillin : 


It is evident that these inversions require migration of the double bond of the tsopropeny! 
substituent before hydrogenation, Migration of this kind on a catalyst surface is well 
known," and on nickel at 95° for example all the hydrogen atoms of propene are equivalent 
for deuterium exchange.” Hydrogenation of the compound (VII) or (VIIJ) was very slow 
in comparison with that of (I) or (II1), and the occurrence of bond migration was established 
by refluxing the 6-epi-ketone (VIII) with palladised charcoal in alcohol. In the product 


(Vill) 


Tr ccut on 6 f- 
(XI) (XH) Ox) 


terminal methylene absorption at 890 cm.-! had been replaced by strong bands at 809 and 
843 cm. ! (>C:CH~") together with a new band at 1177 cm.! (Pr'); this isomerised 
ketone may be (XV) or, more probably, (IX). By the same treatment epfi-a-cyperone 
(VII) was quantitatively converted into $-cyperone whilst under the same conditions 
a-cyperone (1) was isomerised to 6-cyperone (IIT) to the extent of only 25%, 

The driving force in these cases is clearly the energy release as the large 6a-isopropeny! 
substituent achieves an essentially equatorial configuration, migration of the double bond 
conferring trigonal symmetry on Cg. In the 6-epi-series absorption on to the catalyst 
from the «face of the molecule will be impeded and absorption from the @-face is likely to 


‘! Braude and Linstead, J., 1964, 3544; Fukushima and Gallagher, /. Amer. Chem. Soc., 1965, 
77, 139 

' (a) Twigg, Trans. Faraday Soc., 1939, 35, 934; (b) see Bond, Quart, Rev., 1954, 8, 279, for discussion. 

Sheppard and Simpson, tbid., 1952, 6, 1. 

4 Idem, ibid., 1953, 7, 19. 
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be weak owing to the disposition of, and compression in, the remainder of the molecule. 
If the process of absorption at the isopropeny] centre is regarded as being initiated as in (a), 
the state of association first formed can clearly promote isomerisation to the thermo- 


De De -E-TA, 
a a. M ne 
e+M 


H 
e+MmM 
(a) (6) (c) Product 


dynamically more stable and more easily absorbed structure via (4), (c), and (d). These 
steps are largely inoperative in the case of (-+-)-«-cyperone where the #-orientated iso- 
propenyl group is already equatorial, and the molecule is therefore capable of being 
absorbed directly on to the catalyst without prior isomerisation. 

From these considerations it seems probable that the species actually hydrogenated in 
the case of (VII) is B-cyperone (IIT) and in the case of (VIII) an isomer, probably (IX). 
Since the crystalline tetrahydro-epi-a-cyperone (X) is formed by the catalytic reduction of 
the dihydro-epi-a-cyperone (XI) having the 6«-isopropy! substituent, the reduction will 
most probably take place from the $-face, to give the cis-tetrahydro-6a-ssopropyl ketone 
(X) as indicated. 

Certain regularities may be noted among the molecular-rotational differences (AM g4g)) 
in the cyperones. In the natural series, reduction of the isopropenyl group is accompanied 
by a positive change (+33°) which is greater (+-80°) in the presence of the af- 
unsaturated ketone system. In the epi-series, the corresponding changes are negative 
(--61°, —86° respectively). 

EXPERIMENTAL 

Ultraviolet spectra were measured on a Hilger Uvispectrometer, Infrared absorption 
spectra were measured on a Grubb-Parsons double-beam spectrometer on liquid films of 
0-05 mm, thickness, Ultraviolet spectra and [a] are for solutions in EtOH and CHCl, respec- 
tively unless otherwise stated, 

Catalytic Reduction of (-+-)-a-Cyperone (1).—(+-)-a-Cyperone in ethanol with palladised 
charcoal (20%) took up ~2 mols. of hydrogen to give (-+-)-decahydro-4 : 96-dimethyl-3-0x0-66- 
isopropylnaphthalene (11), b. p. 95°/0-1 mm.; after chromatography on alumina and elution 
with light petroleum, it had m¥? 1-4860, [a] s49, + 10°5° (c, 4:3) (Found: C, 81-2; H, 1240. 
C,,H,,O requires C, 81/1; H, 11-7%). The 2: 4-dinitrophenylhydrazone formed orange-yellow 
needles, m. p. 151-—152° (from ethanol), [a]p + 37° (c, 0°54), Ana», 370 my (log ¢ 4:38 in CHCI,) 
(Found: C, 63-1; H, 7-5. C,y,HggO,N, requires C, 62-7; H, 75%). The oxime formed needles, 
m, p. 118—-119° (from methanol~water), [a},,4, —67° (c, 3-4) (Found: C, 76-2; H, 11-4. 
C,5H,,ON requires C, 76-0; H, 11-4%). 

Catalytic Reduction of (+-)-B-Cyperone (III).—-(+-)-8-Cyperone, reduced as above gave, after 
chromatography, a colourless oil, b. p. 95°/0-1 mm., n7? 1-4859, (a) 549, + 11-6" (c, 8-0) (Found : 
C, 80-8; H, 11-7%). The 2: 4-dinitrophenylhydrazone formed orange-yellow needles, m, p. 
and mixed m. p. 151—152°, from ethanol, 

Partial Reduction of (4-)-6-Cyperone (III).—(i) (+-)-6-Cyperone (0-2 g.) was refluxed with zinc 
dust (1-0 g.) in glacial acetic acid (7 c.c.) for 18 hr. The recovered oil, b. p. 95°/0-1 mm., mn}; 
1-6070, [«} 546; + 78° (c, 3-0), Amex, 249-5 (log ¢ 3-9) and 300 my (log e 2-3), was carefully chrom 
atographed on alumina with light petroleum, and from the later fractions, by use of ultraviolet 
absorption analysis, (+)-1:2:3:5:6:7: 8: 9-octahydro-4 : 90-dimethyl-3-0x0-66-isopropyl- 
naphthalene (V1) was obtained as a colourless oil, b. p. 85—90°/0-05 mm., mn? 15118, [a] ge) 
+151-6° (c, 3-4), Amax, 249°5 (log € 4-18) and 300 my (log ¢ 2:15) (Found: C, 81-6; H, 1L0 
C,,HyO requires C, 81-8; H, 10-90%). The 2: 4-dinitrophenylhydrazone formed stout red 
needles, m. p. 164°, from ethanol (Found: C, 63-2; H, 7-3. C,,H,,O,N, requires C, 63-0; H, 
7-0%). The oxime formed needles, m. p. 118° (from methanol), [a] ,,,, + 188° (c, 0-9) (Found : 
C, 765; H, 10-5. C,,H,,ON requires C, 76-6; H, 10-6%). 

(ii) A palladium~strontium carbonate catalyst (2%) was prepared according to Woodward 
et al® The catalyst (1 g.) in water (10 c.c.) was reduced in hydrogen. A solution of lead 
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acetate (5 mg.) in water (10 c.c.) was then added with shaking and after 1 hour's warming on the 
water-bath the catalyst was filtered off and dried (cf, Lindlar °). 

(+)-6-Cyperone (366 mg.) in benzene (20 c.c.) with the above catalyst (310 mg.) took up 
~1 mol, of hydrogen in 8-5 hr. The recovered oil, b. p. 90°/0-1 mm., 2... 250 (log ¢ 4-03) and 
301 my (log € 3-02), was chromatographed on alumina (15 g.) and eluted with light petroleum in 
50 c.c, portions to give 8 fractions, Fractions 2-7, having similar refractive indices, were 
combined and distilled, giving (+-)-1: 2:3:5:6:7:8: 9-octahydro-4 : 96-dimethyl-3-oxo-64- 
isopropylnaphthalene (VI), b. p. 90°/O-1 mm., mP 15143, (a) 4g; + 171° (c, 4°45), Amax, 250 (log 
¢ 4-12) and 300 my (log ¢ 3-1), 1.c., containing ~5% of (-+-)-$-cyperone. The 2: 4-dinitropheny]l- 
hydrazone formed needles, m. p. 166°, from ethanol, mixed m. p. 164°. The oxime formed 
needles, m, p. and mixed m, p, 118°, 

Reduction of (4-)-a-Cyperone by Lithium in Liquid Ammonia.—(-+-)-a-Cyperone (0-63 g.) in 
dry ether (20 c.c.) was added to a solution of lithium (0-13 g.) in liquid ammonia (150 c.c.). 
After 40 min, ammonium chloride (0-9 g.) was added and the ammonia allowed to evaporate. 
Kecovered by the addition of water and ether, the product formed an oil, b. p. 90°/0-1 mm., 
which after chromatography on alumina and elution with light petroleum gave (—)-10a-deca- 
hydro-4a : 9G-dimethyl-3-0x0-66-isopropenylnaphthalene (IV), b. p. 90°/0-1 mm., mf} 1-5016, 
(a) sae, ~ 20-0° (c, 4-8) (Pound: C, 81-4; H, 106%). The 2: 4-dinitrophenylhydrazone formed 
orange yellow needles, m, p. 170°, from ethanol (Found; C, 63-0; H, 7:4%). The oxime 
formed needles, m. p. 140° (from methanol), [a] 544, 146° (c, 4-0) (Found: C, 76-9; H, 10-8%). 

( -)-10a-Decahydro-4a : 96-dimethyl-3-0x0-66-isopropylnaphthalene (V).—{i) (—)-10«-Deca- 
hydro-4a : 96-dimethyl-3-oxo0-68-isopropenylnaphthalene (IV) in ethanol with palladised 
charcoal (20%) slowly took up ~1 mol. of hydrogen to give (—)-10a-decahydro-4a : 96-dimethyl-3- 
ox0-6f- isopropylnaphthalene (V), b. p. 90°/0-1 mm., nf? 1-4865, (a) 546, —5-0° * (c, 6-6) (Found ; 
C, 80-9; H, 118%). The 2: 4-dinitrophenylhydrazone formed orange-yellow needles, m. p. 
151--152° (from ethanol), [a)) —126° (c, 0-34), Agy, 370 my (log ¢ 4:38 in CHCI,) (Found: C, 
62-35; H,7-75%). The oxime formed needles, m, p. 118—-119° (from methanol), {a} 545, ~ 126° * 
(c, 1-7) (Found : C, 76-0; H, 11-6%). 

(ii) (+)-6-Cyperone (0-2 g.) was refluxed with zinc dust (1-0 g.) in glacial acetic acid (7-0 c.c.) 
for 60 hr. The recovered oil was carefully chromatographed on alumina with light petroleum, 
and the first fraction rechromatographed to give (—)-10a-decahydro-4a : 96-dimethyl-3-oxo0-68- 
isopropylnaphthalene (V), b. p. 90°/0-1 mm., n?? 1-4895, [a] 546, —9° (c, 6-3) (Found: C, 81-5; 
H, 11-8%). The 2: 4-dinitrophenylhydrazone formed orange-yellow needles, m. p, 152—-153°, 
from ethanol, and the oxime needles, m. p, 119--120° (from methanol), [a] 544, — 116° (c, 1-1), 
identical with the corresponding derivatives in section (i). 

Attempted Isomerisation of (-+-)-Decahydro-4 : 98-dimethyl-3-0x0-63-isopropyinaphthalene (11). 

This ketone, [a] ggg, + 10°5° (c, 4-3), was treated as follows and then recovered, (i) Refluxed 
(90 mg.) in methyl-aleoholic potassium hydroxide (10%; 5 c.c.) under nitrogen for 16 hr, : 
[@\ ese, + 92° (c, 84). (ii) Refluxed (80 mg.) with toluene-p-sulphonic acid (80 mg.) in glacial 
acetic acid (3 c.c.) for 18 hr.: [a] sq, + 94° (c, 9-8). (iii) Refluxed (60 mg.) with palladised 
charcoal (20%; 100 mg.) in ethanol (5 c.c.) for 16 hr. : [a]) 549, + 9°6° (c, 45). (iv) The ketone 
(#0 mg.) in dry ether (5 c.c.) was added with shaking to potassium amide (from 100 mg. of metal) 
in liquid ammonia (100 c.c.) and set aside for 1 hr. : [a] 54g, + 7-6" (c, 5-9). 

Reduction of (+-)-10a-Decahydro-4a ; 98-dimethyl-3-ox0-6a-isopropenylnaphthalene (VIII). 
rhis ketone, prisms, m. p. 48° (from light petroleum), [a],,., + 23-1° (c, 5-1), prepared by the 
reduction of (-+-)-pt-a-cyperone by lithium in liquid ammonia (cf, Part III), gave an oxime as 
needles, m. p. 107° (from methanol), {a} ,4., —60° (c, 3-9) (Found: C, 76-7; H, 10-4%). 

rhe ketone (VIII) in ethanol with palladised charcoal took up 1 mol. of hydrogen to give 
(--)-10a-decahydro-4a : 98-dimethyl-3-o0x0-66-isopropylnaphthalene (V), b. p. 90°/0-1 mm., ni? 
14886, [alogg, 69° * (c, 93) (Found: C, 81-1; H, 120%). The 2: 4-dinitrophenyl- 
hydrazone formed orange-yellow needles, m. p, and mixed m, p. 152-153”, from ethanol. The 
oxime formed needles, m, p, and mixed m, p, 118—-119° (from methanol), [a]54,, — 130° * 
(e, 31) 

Catalytic Reduction of (~—)-Cyperone Ketol (XI111).-(-—-)-Cyperone ketol (XIII) in ethanol 
with palladised charcoal (20%) took up 1 mol. of hydrogen to give (—)-decahydro-10-hydroxy- 
4: 93-dimethyl-3-0x0-6a-isopropylnaphthalene (X11) as prisms, m. p. 64—65° (from light 


* These values of [a),44, are regarded as being the most reliable and agree quite well with those 
given on p. 2675, 
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petroleum), [@),,,, —57° (c, 3-8) (Found: C, 75-8; H, 11-3. C,,H,.O, requires C, 75-6; H, 
10-9%). 

Attempted Isomerisation of (—)-Cyperone Ketol (XI1I11).—(—)-Cyperone ketol (0-2 g.) in 
ethanol (20 c.c.) was refluxed with palladised charcoal (60 mg.) for 60 hr. The product was 
recovered quantitatively as prisms, m, p. and mixed m. p. 106° (from light petroleum), 

Dehydration of (—)-Dihydrocyperone Ketol (X11).(—)-Dihydrocyperone ketol (0-35 g.) in 
methyl!-alcoholic potassium hydroxide (10% ; 5 c.c.) was refluxed under nitrogen for Shr. The 
cooled solution was diluted with water and neutralised with dilute hydrochloric acid. The 
product, isolated in ether, gave on distillation (+-)-l: 2: 3:5:6:7: 8: 9-cctahydro-4 ; 96-di- 
methyl-3-0x0-6a-isopropylnaphthalene (XI), b. p. 90°/0-1 mm. (0:3 g.), mf? 15190, [a)}gqg, + 186° 
(c, 3°8), Aumax, 250-0 my (log ¢ 4-2) (Found; C, 81-8; H, 114%). The 2: 4-dinitrophenylhydrazone 
formed scarlet needles, m, p. 194°, from ethanol (Found; C, 63-2; H, 7:15%). The oxime was 
a viscous oil, b. p. 110°/0-L mm., [a] 546, + 124° (c, 3-4) (Found: C, 76-4; H, 10-09%), 

(—)-10a-Decahydro-4a : 98-dimethyl-3-0x0-6a-isopropylnaphthalene (X1V).--A_ solution of 
(+)-1:2:3:5:6: 7:8; 9-octahydro-4 ; 96-dimethyl-3-oxo-6< ‘:opropylnaphthalene (0-18 g.) in 
dry ether (10c.c.) was added to one of lithium (0-04 g.) in liquid ammonia (75c¢.c.), After 
40 min., ammonium chloride (0-25 g.) was added and the ammonia allowed to evaporate, 
Recovered by the addition of water and ether, the product formed an oil, b. p. 96°/0-1 mm., 
which crystallised to give (-~)-10a-decahydro-4a : 96-dimethyl-3-ox0-6a-isopropylnaphthalene 
(XIV) as prisms, m. p. 66—-67° (from light petroleum), {«),,,, — 46° (¢, 7-6) (Found: C, 81-15; 
H, 120%). The 2: 4-dinitrophenylhydrazone formed yellow needles, m, p, 221°, from ethanol 
(Found: C, 62-7; H, 7:8%). The oxime formed prisms, m. p. 101--102° (from methanol 
water), [%\ 546, ~91° (c, 3-0) (Found : C, 75-65; H, 11-55%) 

Catalytic Reduction of (-+-)-epi-a-Cyperone (VII).-(+-)-epi-a-Cyperone in ethanol with 
palladised charcoal (20%) took up ~2 mols. of hydrogen to give a product, b. p. 90°/0-1mm., n\f 
1-4885, [a| 546, + 10-5° (c, 4-3), which partially crystallised and by chromatography on alumina 
gave in the first light petroleum eluates (-+-)-106-decahydro-4a ; 94-dimethyl-3-oxo0-6a-tsopropyl- 
naphthalene (X) as prisms, m. p, 97-—-98° (from light petroleum), (a) 544, + 23-2° (¢, 3-8) (ef. 
Part 111 *). The oxime was a-viscous oil, b. p. 110°/0-1 mm., a) sg, ~ 67° (ce, 4°2) (Found; C, 
75-9; H, 11-55%). 

After the crystalline tetrahydro-ketone (X) had been removed, the residual oil, {a} 545, +83 
(c, 5-5), was converted into the oxime, m. p. }13-——115", [a\ 545, ~—49° (ce, 42). Three erystallis 
ations from methanol-water (9: 1) gave an oxime as needles, {a} ,,,, — 64° (c, 2-1), identical with 
that of (-+-)-decahydro-4 : 96-dimethyl-3-oxo-66-isopropylnaphthalene (II), m. p. and mixed 
m. p. 118-—119°, unchanged by further recrystallisation 

(+-)-108-Decahydro-4a : 96-dimethyl-3-0x0-62-isopropylnaphthalene (X).—A_ solution of 
(+)-1:2:3:5:6:7: 8: 9-octahydro-4 : 96-dimethyl-3-oxo-6a-1sopropylnaphthalene (XI) in 
ethanol with palladised charcoal (20%) slowly took up ~1 mol. of hydrogen to give a product 
which largely crystallised and by chromatography on alumina gave in the first light petroleum 
eluates (-+-)-108-decahydro-4a : 96-dimethyl-3-oxo-6a-isopropyinaphthalene (X) as prisms, 
m. p. and mixed m. p. 97-—-98° (from light petroleum) 

Isomerisation of (+-)-epi-a-Cyperone (VII).—( +-)-epi-a-Cyperone (85 mg.) in ethanol (7-6 ¢.c.) 
was refluxed with palladised charcoal (20%; 170 mg.) for 20 hr., to give (-+-)-$-cyperone as a 
pale yellow oil, b. p. 90°/0-1 mm., [a] 544, + 659° (c, 3-6), Ang, 300 my (loge 4-42). The oxime 
formed needles, m. p. and mixed m. p. 139°, from methanol 

Isomerisation of (-+-)-a-Cyperone (1).—~(+-)-a-Cyperone (56 mg.) in ethanol (5 c.c.) was refluxed 
with palladised charcoal (20%; 112 mg.) for 20 hr., to give on recovery a pale yellow oil, b. p 
90° /O-1 mm.,, [a] 54g, + 235° (c, 3-6), Agaay 300 (log ¢ 3-87) and 250 my (log ¢ 4-10), 1.¢., containing 
~25%, of (+-)-6-cyperene. 

Isomerisation of (-+-)-10a-Decahydro-4a ; 93-dimethyl-3-0x0-6«-isopropenylnaphthalene (VIII). 

This ketone (70 mg.) in ethanol (5 c.c,) with palladised charcoal (90 mg.) was refluxed for 11 hr, 
The product was a pale yellow oil, b. p. 90°/0-1 mm., fa) ,44; + 50° (¢, 7°7), Yeu, 1704, 1177, 843, 
and 809 cm."t, 


One of us (K. H.) thanks the Department of Scientific and Industrial Kesearch for an award. 
We thank Dr, Sukh Dev for a gift of (-+-)-a-cyperone and Mr. RK. E, Dodd and Miss S. Kobinson 
for the infrared determinations. 
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527. Addition Reactions of Heterocyclic Compounds. Part III.* 
2: 3-Benzacridine and Some Dienophils. 


By R. M. Acurson and C. W. Jerrorp. 


2: 3-Benzacridine combined, like anthracene, with maleic anhydride and 
methyl azodicarboxylate to give the corresponding adducts. With methyl 
acetylenedicarboxylate in methanol, however, the product was the N- 
substituted benzacridinium methoxide or the conjugate methoxyacridan, 


Acripine and anthracene undergo a number of addition reactions with the same reagents 
under similar conditions to give products differing widely in type. Acridine, for example, 
with bromine ' and with methyl acetylenedicarboxylate in methanol * gives N-substituted 
acridinium derivatives while with anthracene under similar conditions the 9: 10-dibromide * 
and an adduct across the 9: 10-positions * are respectively obtained. In the case of 2 : 3- 
benzacridine addition of such reagents might take place to either of the central rings which 
would be competing for the reagent. 

In order to investigate this, 2: 3-benzacridine was treated with several dienophils. 
With ~-benzoquinone in boiling toluene it gave only amorphous products, but with maleic 
anhydride a crystalline adduct was obtained. This has almost certainly the bridged 
structure (I), as acridine itself is reported * not to react with maleic anhydride and the 
structure is consistent with the spectral data. Ina similar addition 2 : 3-benzacridine gave 
the adduct (11) with methyl azodicarboxylate. Treatment with acid gave a rearrangement 
product, the ultraviolet absorption spectrum (Fig. 4) of which shows additional conjugation 
suggesting the return of the fully aromatic system. This product may be 1- or 4-(NN’- 
dimethoxycarbonylhydrazino)-2 : 3-benzacridine, by analogy with the corresponding 
reactions in the anthracene series.® 


H. (OMe 


| 
CH-CO’ 
' 


' 
N+CO,Me 
| 
N-CO,)Me 
| 


In connexion with this a number of attempts were made to combine methyl azodi- 
carboxylate with acridine in the presence or absence of acid catalysts but no reaction could 
be detected. Treatment of the ester with acridan gave only acridine and methyl hydrazo- 
dicarboxylate; this ester also dehydrogenates quinol to p-benzoquinone.* 5-Hydrazino- 
acridine was obtained from 5-chloroacridine and hydrazine hydrate in phenol * * and was 


* Part I, J, 1956, 246 

' Acheson, Hoult, and Barnard, /., 1954, 4142. 

* Acheson and Burstall, /., 1954, 3240, 

* Perkin, Bull. Soc, chim. France, 1877, 27, 464. 

* Barnett, Goodway, Higgins, and Lawrence, /., 1934, 1224. 

> Alder and Niklas, Annalen, 1954, §85, 81. 
Diels and Fritzsche, Ber., 1911, 44, 3018. 
Meister, Lucius, and Briining, D.R.-P. 364031; Friedlander, 14, 802. 
Cf, Jelinek and Boxer, J. Biol. Chem., 1947, 170, 491. 
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the only product isolable in a number of attempts to condense 5-chloro- and 5-phenoxy- 
acridine with methyl hydrazodicarboxylate; the product was acridone when 5-methoxy- 
acridine was used. However, 5-phenoxyacridine and methyl hydrazomonocarboxylate 
did give 5-(N’-methoxycarbonylhydrazino)acridine. 


Fie. 1. Fic. 2. 
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Fic. 1. A, Naphthacene.* B, 2: 3-Benzacridine 


Fic. 2. A, The benzacridan (1V). B, 2: 3-Benzacridine hydrochloride, C, The bensacridinium 
chloride from (111). 
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Fic. 3. A, 2:3-Benzacridone. B, N-Methyl-2 : 3-benzacridone. C, N-trans-(1 : 2-Dicarboxyvinyl) - 
2: 3-benzacridone 


Fic. 4. A, 2: 3-Benzacridine—maleic anhydride adduct (1). H, 2: 3-Bensacridine-methyl asodi- 
carboxylate adduct (11). C, Acid-rearrangement product of adduct (11). 


2:0 


2 : 3-Benzacridine and methyl acetylenedicarboxylate in benzene gave a low yield of a 
product containing | mol. of the acridine and 2 mols. of the ester. It may be analogous to 
the corresponding products from quinoline and phenanthridine *® and is under investigation. 
In methanol solution, however, addition of both the ester and the solvent took place, giving 


* A. W. Johnson, “ Acetylenic Acids,’ Arnold and Co., London, 1950. 
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N-(trans-l : 2-dimethoxycarbonylviny])-2 ; 3-benzacridinium methoxide (III), in equili- 
brium with the conjugate acridan (IV). The stereochemistry is presumed by analogy with 
the similar ¢rans-additions to acridine * and phenanthridine.” The ultraviolet absorption 
spectrum of the benzacridine (III or IV) in acidified methanol was very similar to that of 
2 : 3-benzacridinium chloride (Fig. 2), but in neutral methanol the molecule is clearly much 
less conjugated and must be in the benzacridan form (IV). The long-wavelength bands of 
N-trans-(1 ; 2-dimethoxycarbonylvinyl)acridinium salts and the corresponding methoxy- 
acridan are® also separated by 600—700 A. Oxidation of the benzacridine (III) with 
alkaline potassium ferricyanide gave N-(trans-1 : 2-dicarboxyvinyl)-2 : 3-benzacridone 
which had a similar ultraviolet absorption to that of N-methyl-2 : 3-benzacridone and 2 : 3- 
benzacridone (Fig. 3). This last close similarity suggests that the keto-form of 2 : 3-benz- 
acridine is present to the virtual exclusion of the enolic tautomer, as in the case of acridone,'? 
under these conditions. The ultraviolet absorption of 2 : 3-benzacridine (Fig. 1) broadly 
resembles that of naphthacene,!* but the extinction maxima are greater and the long wave- 
length band has much less fine structure in agreement with other observations ™ on this 
type of comparison. 


EXPERIMENTAL 


Infrared absorption measurements were done in paraffin paste, and the ultraviolet measure 
ments in methanol, 

2: 3-Benzacridine and Maleic Anhydride.—The acridine (0-5 g.) and maleic anhydride (0-22 g.) 
were refluxed (6 br.) in dry toluene (6 mi.). Cooling the filtered and somewhat concentrated 
solution gave the adduct (1) which separated from toluene in colourless prisms, m, p. 304° 
(decomp.) (Found: ©, 77-3; H, 41; N, 41. Cy,H,,O,N requires C, 77-1; H, 40; N, 43%). 
Infrared absorption maxima were at 5-39, 5-45, 5-63, 6-14, 6-36, 6-67, 6-88, 7-10, 7-27, 7-42, 7-53, 
7-65, 7-76, 7-95, 8-05, 815, and 93y, Infrared maxima of 2: 3-benzacridine were at 6-14, 6-20, 
6-27, 6-54, 6-73, 6-86, 7-28, 7-71, 8:39, 8-63, 8-91, 10-09, 10-48, 10-74, 10-92, 11-20, and 11-51 yp. 

2: 3-Benzacridine and Methyl Azodicarboxylate,—The acridine (2-0 g.), the ester (1-28 g.) and 
p-xylene (12 ml.) were refluxed for 7 hr., then filtered from some purple solid, and some of the 
solvent was evaporated. Cooling in ice-salt precipitated the adduct (11) (2-6 g.) which after 
successive crystallisation from p-xylene and methanol (charcoal) separated in colourless prisms, 
m, p, 2256--226° (decomp., softens at 224°) (Found: C, 67-2; H, 46; N, 1b4, C,,H,,0O,N, 
requires C, 67-2; HH, 45; N, 112%). The infrared maxima were at 5-75, 6-14, 6-36, 6-67, 6-81, 
6-09, 7:10, 7-28, 7-50, 7-66, and 7-89 u. 

The colourless solution of the adduct in acetic acid was treated with a few drops of con 
centrated sulphuric acid and warmed slightly. A purple colour developed and on basification 
an orange solid was precipitated, Purification was effected by precipitation from glacial acetic 
acid by aqueous ammonia, an orange solid being obtained having m. p. 218° (Found: C, 67-0; 
H, 47; N, 11-6. C,,H,,O,N, requires C, 67-2; H, 45; N, 11-2%). Infrared absorption 
maxima were at 5-78, 5-82, 6-15, 6-18, 6-28, 6-56, 6-68, 6-88, 6-95, 7-10, 7-48, 7-66, and 7-90 u. 

Acridan and Methyl Asodicarboxylate.—Acridan (0-5 g.) was mixed with the ester (2-0 g.) : 
much heat was evolved, After 3 hr, at 120° and crystallisation from toluene—light petroleum 
acridine, m, p, and mixed m. p. 108°, was obtained. 

5-Hydvraszinoacridine.—5-Chloroacridine (1-0 g.) and 100% hydrazine hydrate (3 ml.) were 
heated for 1-6 hr. in phenol (2-0 g.) at 130°, The red gum obtained on pouring the melt into 
2n-sodium hydroxide (26 ml.) solidified on trituration with more alkali. Chromatographic 
purification on alumina from methanol, followed by crystallisation from warm (not boiling) 
methanol gave the product as pale red prisms, m, p. 265° (Found: C, 74-5; H, 5-6. Cale. for 
CysHy, Ny: C, 746; H, 53%). The literature’ gives m. p. 169°. In alkaline methanol the 
ultraviolet absorption spectrum showed the following maxima : 2300 A (log ¢ 4-67), 3600 (3-62), 
3800 (3-62), and 4600 (3-79). 

56-N’-Methoxycarbonylhydrazinoacridine.—5-Phenoxyacridine (1:5 g.), methyl hydrazine- 
carboxylate hydrochloride (0-7 g.) and phenol (5-0 g.) were heated for 34 hr. at 120—125° and 
poured into 2n-sodium hydroxide (25 ml). The precipitate was ground with N-sodium 
hydroxide and washed with water, and crystallisation from methanol gave the acridine (0-6 g.) 


” Acheson and Bond, J/., 1966, 246. 
Acheson, Burstall, a ee and moe , 1054, 3742. 
Radulescu and Barbuleseu, Ber., 1931, 64, 2225; cf. Clar, ibid., 1936, 69, 608 
Badger, Pearce, and Pettit, /., 1051, 3199. 
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as orange-red prisms, m. p. 229° (Found: C, 67-4; H, 49; N, 15-4. C,,H,,O,N, requires C, 
67-4; H, 49; N, 15-7%). The ultraviolet absorption spectrum showed maxima at 2350 A 
(log e 4-51), 2900 (3-91), and 4000 (3-97). 

N-(trans-1 : 2-Dimethoxycarbonylvinyl)-2 : 3-benzacridinium Methoxide (I11).—2 >: 3-Benz- 
acridine (0-4 g.) and methyl acetylenedicarboxylate (0-28 g.) were refluxed for 1} hr. in methanol 
(3 ml.). The product (0-58 g.) separated on cooling and crystallised from methanol as orange 
prisms, m. p. 128° (Found: C, 71:3; H, 63; N, 3-3; OMe, 21-0. C,,H,,O,N requires C, 71-5; 
H, 5-2; N, 3-5; 30Me, 23-1%). Infrared maxima were at 5-81, 6-13, 6-26, 6-64, 6-73, 6-86, 6-99, 
7-40, 7-70, 7-85, and 8-00 u, 

N-(trans-1 : 2-Dicarboxyvinyl)-2 : 3-benzacridone.—_-The above adduct (0-11 g.) was dissolved 
in hot 10% aqueous potassium hydroxide (1-1 ml.), potassium ferricyanide (0-28 g.) in hot water 
(0-55 ml.) was added, and the mixture left on a steam-bath for 3hr. Filtration and acidification 
precipitated the buff acid, m. p. 184° (Found, after drying over P,O, im vacuo at 15°; C, 66-7; 
H, 42; N, 40. C,,H,,0,N,H,O requires C, 66-8; H, 40; N, 3-7. Found, after similar 
drying at 116°: C, 70-0; H, 3-7; N, 42. C,,H,,O,N requires C, 70-2; H, 36; N, 3-9%), 
Infrared absorption maxima were at 5-80, 6-10, 6-25, 6-78, 7-30, and 7-00 u. 

2: 3-Benzacridone.—Crystallisation from ethanol-dioxan gave golden-yellow prisms, m. p. 
304° (Found: C, 83-0; H, 45. Cale. forC,,H,,ON: C, 83-3; H, 45%). Infrared absorption 
maxima were at 3-15 (broad, hydrogen bonding), 6:10, 6-14, 6-20, 6-29, 6-39, 6-54, 6-65, 6-78, 
7:10, 7-30, 7-36, 7-50, 7-63, 7-75, 7-90, and 7-98 yu. 

N-Methyl-2 : 3-benzacridone,—-2 : 3-Benzacridone (0-4 g.) and potassium hydroxide (1-2 g.) 
were ground with a little ethanol and dried (oven), The purple product was powdered, heated 
with methy! sulphate to 100° (20 min.), and poured into aqueous ammonia, The precipitate 
after crystallisation from methanol (charcoal) gave the methylbenzacridone as pale yellow needles, 
m. p. 215° (Found: C, 83-6; H, 5-1. C,,H,,ON requires C, 83-4; H, 50%). Infrared maxima 
were at 6-10, 6-18, 6-23, 6-29, 6-73, 6-91, 7-30, 7-44, 7-57, and 7-744 


The spectral data were obtained by Mr. F. Hastings under the supervision of Dr, F. 3. 
Strauss. 
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528. Aryldihydroresorcinels. Part I. Dihydro-5-a-naphthyl- and 
5-(4-Diphenylyl)dihydro-resorcinol, 


By E. E. Aywine, (the late) J. Honors, and R. F. K. Merenira, 


Dihydro-5-a-naphthyl- and 5-(4-diphenylyl)dihydro-resorcinol have been 
prepared for comparison with dihydro-5-phenyl- and -5-m-nitrophenyl- 
resorcinol, The naphthyl compound is intermediate between the phenyl 
and the nitrophenyl compound in its reactions with phosphorus chlorides, 
whilst the diphenylyl compound is comparable with the phenyl compound 
but somewhat less reactive. This behaviour is correlated with the electron 
affinities of the aryl groups. 


Wurst dihydro-5-phenylresorcinol behaves similarly to the 5-alkyldihydroresorcinols }* 4 
in its reactions with phosphorus chlorides,“* dihydro-5-m- and -p-nitrophenylresorcinol 
do not.* This difference was attributed * to the electron-affinity of the nitro-group, and 
the relative affinities of the phenyl and nitropheny! groups are indicated by the strengths 
of the acids : benzoic and m- and p-nitrobenzoic acid, 10°K 6-3, 32-1, and 37-6 respectively.” 

Dihydro-5-a-naphthyl- and 5-(4-diphenylyl)dihydro-resorcinol have been studied since 


' Crossley and Le Sueur, /., 1902, 81, 821; 1903, 83, 110 
* Crossley and Haas, /., 1903, 83, 494. 

* Crossley and Pratt, /., 1915, 107, 171 

* Boyd, Clifford, and Probert, /., 1920, 117, 1383 

* Hinkel and Hey, /., 1928, 2786. 

* Hinkel and Dippy, /., 1930, 1387. 

’ Dippy, Chem. Rev., 1939, 25, 206. 


2680 Ayling, Hodges, and Meredith : 


the two binuclear radicals should both exhibit greater electron-affinity than a phenyl ® but 
less than a nitrophenyl radical. The a-naphthyl radical would be intermediate between 
phenyl! and nitrophenyl (108K == 20-4 for 1-naphthoic acid ), and the 4-diphenylyl radical 
between the naphthyl and the phenyl group,® although the apparent dissociation constants 
of benzoic and diphenyl-4-carboxylic acid in aqueous 2-butoxyethanol (pK 5-65 and 5-66 
respectively *) are virtually identical. 

Both dihydroresorcinols gave the corresponding 2-bromo-derivative with bromine and 
so resemble the phenyl compound,‘ dihydrodimethylresorcinol giving also the 2 : 2-di- 
bromo-derivative.* With sodium hypobromite, however, whilst diphenylyldihydro- 
resorcinol was oxidised to diphenylylglutaric acid (cf. ref. 12), the naphthyl compound was 
oxidised only to the 2-bromo-derivative (cf. ref. 11). 

On oxidation with aqueous potassium permanganate, the dihydronaphthylresorcinol 
yielded a mixture from which naphthylsuccinic acid could be isolated (cf. ref. 4) but the 
reaction with the diphenylyl compound proceeded further, giving diphenyl-4-carboxylic 
acid, 

In the reactions of the two dihydroresorcinols with phosphorus chlorides, the expect- 
ations based on the relative electron-affinities of the aryl groups have been realised. The 
diphenylyl behaved similarly to the phenyl compound but gave a much smaller yield of 
arylchlorocyclohexenone (25 compared with 65% *), and the corresponding chloro-ketone 
from the naphthyl compound was only isolated when phosphorus pentachloride was used. 
The comparative behaviour of these dihydroresorcinols containing the binuclear groups 
with those containing the phenyl and the nitrophenyl group is summarised in the Table 
and agrees with the sequence, phenyl < 4-diphenylyl < a-naphthyl < m-nitrophenyl, for 
the electron-affinities of the groups. 


Product with PCI, 


ons a, } 
Dihydroresorcinol Product with PCI, 2 mol. 4 mol, 
Vh ssssseee Chloro-ketone 4 Hexadiene and dichloro- 
diphenyl * 
pC, HH Vh .» Chloro-ketone (small Hexadiene and dichloro- 
yield) terpheny] 
aH, - Chloro-ketone Dichlorophenyl derivative 
- Hexadiene * 


af 
iar | 


The absence of dichloro(naphthyl)cyclohexadiene from the phosphorus pentachloride 
reaction is probably due to use of an excess of pentachloride, since 1 : 3-dichloro-5 : 5-di- 
methyleyelohexa-1 : 3-diene is converted into 3: 5-dichloro-o-xylene when heated with 
phosphorus pentachloride for several hours, 

Dihydro-5-a-naphthylresorcinol was prepared in good yield from 4-«-naphthylbut-3-en- 
2-one by the procedure described by Crossley and Renouf “ for dihydrophenylresorcinol. 
With 4-phenylbenzylideneacetone, however, only a poor yield of 5-p-diphenylyldihydro- 
resorcinol was obtained : a better yield resulted when benzene was substituted for ethanol 
as the reaction medium. Condensation of ethyl 4-phenylcinnamate or ethyl 4-phenyl- 
benzylidenemalonate with ethyl acetoacetate also gave the diphenylyldihydroresorcinol but 
neither yield was as good as that from 4-phenyibenzylideneacetone. 


I. XPERIMENTAL 


Dihydro-b-a-naphthylresorcinol,——4-a-Naphthylbut-3-en-2-cne “ was prepared both from 
«-naphthaldehyde and, more conveniently, from the aldehyde bisulphite compound which is 
isolated during the preparation of the aldehyce by the procedure described by Hinkel, Ayling, 


* Burton and Ingold, Proc. Leeds Phil. Soc., 1929, 1, 427 

* Hethmann, Z. phys. Chem., 1890, §, 309. 

‘© Berliner and Blommers, /. Amer. Chem. Soc., 1951, 73, 2479. 
't Vorlinder and Kohlmann, Annalen, 1902, 322, 257. 

'? Jdem, Ber., 1899, 32, 1879. 

'§ Crossley and Le Sueur, J., 1902, 81, 1533. 

' Crossley and Renouf, /., 1915, 107, 608. 

'* Gibson, Hariharan, Menon, and Simonsen, /., 1926, 2259 
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and Beynon.” The bisulphite compound (12-25 g.), acetone (20 g.), sodium hydroxide (12-9 g.), 
and water (950 c.c.) were boiled for 3 min., then cooled, a further 20 g. of acetone in water (100 
c.c.) added, and the whole was shaken for 3 days. Extraction with ether, drying, and distil- 
lation yielded the ketone, b, p. 210°/21 mm. (Found: C, 85-2; H, 6-3. Cale. for C,,H,,0: C, 
85-7; H, 6-2%) (Gibson et al.“ record b. p. 200—201°/10 mm.; Wilds ef al.” record b, p. 167— 
173°/0-9 mm.). The oxime crystallised from benzene as colourless prisms, m. p. 138° (Found ; 
C, 79-3; H, 6-2. Cale. for C,,H,,ON: C, 79-6; H, 6-2%) (Gibson ef al.” record m. p. 136-— 
137°). 

To this ketone (1-1 g.) in ether (10 c.c.) was added bromine (0-9 g.) in ether (6 c.c.); 3: 4- 
dibromo-4-a-naphthylbutan-2-one separated and crystallised from chloroform as needles, m. p, 
110° (Found: Br, 45-1. C,,H,,OBr, requires Br, 44-9%). 

4-a-Naphthylbut-3-en-2-one was condensed with ethyl malonate according to the modified 
procedure described by Crossley and Renouf* for dihydrophenylresorcinol, the dihydro- 
resorcylic ester first produced being hydrolysed without isolation, and a viscid mass was obtained 
which solidified (70%). Crystallisation from aqueous ethanol yielded dihydro-5-a-naphthyl- 
resorcinol monohydrate as needles, m. p. 93° (Found: C, 74:5; H, 64. C,,H,,O,,H,O requires 
C, 75-0; H, 63%). Storage in a vacuum yielded the anhydrous compound, m. p. 140° (Found : 
C, 80-5; H, 61. C,,H,,O, requires C, 80-6; H, 5-9%), also obtained by precipitation from 
ethanol by light petroleum (b. p. 40—-60°) and used in subsequent reactions, 

Ethyl dihydro-a-naphthylresorcylate, isolated by acidification before hydrolysis with sodium 
hydroxide in following the above procedure, crystallised from aqueous ethanol as needles, m. p. 
116° (Found : C, 73-8; H, 5-4. C,,H,,O, requires C, 73-5; H, 58%). 

2-Bromodihydro-5-a-naphthylresorcinol,—-The dihydroresorcinol (2-23 g.) dissolved in chloro- 
form (17 ¢.c.) when bromine (1-5 g.) in chloroform (10 c.c.) was added with shaking during 
30 min. After 2 hr. the chloroform was evaporated, leaving an oil which solidified when stirred 
with light petroleum (b. p. 40—60°). Crystallisation from ethanol yielded 2-bromodihydro-5-a- 
naphthylresorcinol as needles, m. p. 156° (Found; Br, 24-7, C,gH,,0,Br requires Br, 25-2%). 

Action of Phosphorus Pentachloride on Dihydro-5-a-naphthylresorcinol.-—(a) The dihydro- 
resorcinol (2-38 g., 1 mol.) and phosphorus pentachloride (4-2 g., 2 mol.) in dry chloroform 
(15 c.c.) were heated under reflux for 2hr. The chloroform was removed under reduced pressure 
and the residual dark brown oil was poured into water and extracted with ether, The extract 
was washed with aqueous sodium hydroxide and water and dried (Na,SO,). Removal of the 
ether and distillation gave a yellow oil, b. p. 265°/20 mm., which partly solidified. Crystallis- 
ation from light petroleum (b. p. 40—60°)—acetone yielded 3-chloro-1-a-naphthylcyclohex-2-en-1- 
one as needles, m. p. 82° (Found : Cl, 13-4, C,,H,,OCl requires Cl, 13-8%). 

(b) The dihydroresorcinol (2-38 g., 1 mol.) and phosphorus pentachloride (8-4 g., 4 mol.) in 
chloroform (20 c.c.) were heated under reflux and the product was treated as described above. 
Removal of the ether yielded an oil, b. p. 236°/22 mm., which solidified. 1-(3 : 5-Dichloro- 
phenyl)naphthalene crystallised from light petroleum (b. p. 60-—-80°) as needles, m, p. 96° (ound ; 
C, 70-2; H, 3-6. C,,H,Cl, requires C, 70-3; H, 3-7%). 

Oxidation of Dihydronaphthylresorcinol.-The dihydroresorcinol (6 g.) was suspended in 
water (150 c.c.), and hot 4% aqueous potassium permanganate gradually added, with stirring, 
until the permanganate was no longer decolorised (about 5 hr.). The manganese dioxide was 
removed and the solution acidified and extracted with ether. Evaporation of the ether and 
fractional crystallisation of the residual solid from aqueous ethanol yielded a small amount of 
«-naphthylsuccinic acid, m. p. 204° (Wislicenus, Butterfass, and Koken “ record m., p. 206°). 

Action of Sodium Hypobromite on Dihydronaphthylresorcinol,.-The dihydroresorcinol (5 g.) 
was dissolved in 4n-sodium hydroxide solution, and sodium hypobromite solution was added 
until excess was present. The solution, on acidification, yielded a precipitate which when 
crystallised from alcohol had m. p. 156°, unchanged by admixture with the above 2-bromo 
dihydro-5-«-naphthylresorcinol, m. p. 156°. 

4-Phenylbenzylideneacetone.—Dipheny1-4-aldehyde ” (9 g., | mol.) was dissolved in acetone 
(250 c.c.; excess) and water (125 c.c.), 4n-sodium hydroxide (5 c.c,) added, and the mixture 
shaken for 24 hr. Separation of solid began after 0-56 hr, and was completed at the end of the 
reaction by addition of water. The 4-phenylbenzylideneacetone (10-6 g., 96%) was collected, 
washed with dilute acetic acid and water, and dried. Crystallised from ethanol it was pale 
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yellow, melted at 137°, and sublimed at 100°/1 atm. to give small plates (Found: C, 86-6; H, 
62. Cygll,O requires C, 86-5; H, 63%). The pale yellow semicarbazone, crystallised from 
methanol, had m. p, 220° (Found: N, 148, C,,H,,ON, requires N, 15-0%). The 2: 4-di- 
nitrophenylhydvazone crystallised from benzene in deep red needles, m. p. 242° (Found: C, 66-0; 
H, 4:6. Cygll,sO,N, requires C, 65-6; H, 45%). 

Lthyl 4-Phenylcinnamate,-To diphenyl-4-aldehyde (9 g., 1 mol.) in alcohol-free ethyl 
acetate (20 c.c.), sodium wire (1-5 g., 1 atom) was added, After 16 hr. sufficient dilute 
acetic acid was added to decompose any remaining sodium, and the whole was extracted with 
ether. The extract was washed with dilate sodium hydroxide solution and water and dried 
(Na,50,). Removal of ether and residual ethyl acetate under reduced pressure and crystallis- 
ation of the residue (4-7 g., 37%) from methanol gave yellow plates, m. p. 87° (Hey ® records 
m, p, 87°) 

Ethyl 4-Phenylbenzylidenemalonate.—Diphenyl-4-aldehyde (18 g., 1 mol.) was dissolved in 
ether, and malonic ester (14-8 c.c., 1 mol.) and piperidine (0-4 c.c.) were added, After 24 hr. at 
room temperature and 12 hr. on a water-bath the solution was washed with dilute acetic acid 
and water, and dried (Na,SO,). Kemoval of ether and distillation yielded unchanged ethyl 
malonate and diphenyl-4-aldehyde and a fraction, b, p. 255-—270°/15 mm., consisting of ethyl 
4-phenylbenzylidenemalonate (7:4 g., 23%), which, when redistilled at 15 mm., had b. p. 
250 -270°. The ester was hydrolysed with 5% methanolic potassium hydroxide to give 
4 phenylbenzylidenemalonic acid, which crystallised from aqueous ethanol as yellow needles, 
m. p. 215° (decomp.) [Hey ” records m., p, 215° (decomp.)). 

5-(4-Diphenylyl)dihydrovesorcinol.(\) From 4-phenylbenzylideneacetone. (a) In ethanol 
lhe procedure followed was similar to that described above for dihydronaphthylresorcinol. 
4-Phenylbenzylideneacetone (11 g.) yielded 5-(4-diphenylyl)dihydroresorcinol (2-8 g., 21%) which, 
crystallised from acetone, had m, p. 234° (Found: C, 81-4; H, @0. C,sH,,O, requres C, 81-8; 
H, 61%). Weating the reaction mixture for 19 hr. instead of the usual 7 hr. increased the yield 
slightly to 25%. 

(b) In benzene. Sodium (3-5 g., | atom) was rapidly dissolved in alcohol, excess of which was 
removed under reduced pressure. To the resulting sodium ethoxide were added ethyl malonate 

24 cc., >1 mol.) and 4-phenylbenzylideneacetone (33 g., 1 mol.) in hot benzene (110 c.c.). 
Ihe mixture was heated under reflux for 44 hr., then filtered, and the residual sodium salt 
dissolved in water. Subsequent procedure as above yielded the dihydroresorcinol, m. p. 234° 
(22 g., 56%) 

Lthyl 5-(4-duphenylyl)dihydroresorcylate, isolated by acidification after removal of the ether 
in following the above procedure, crystallised from ethanol as needles, m. p. 174—175° (Found : 
C, 74-9; H, 6-2. Cy HggO, requires C, 75-0; H, 6-0%). 

(c) In toluene, Following the procedure described under (b) but with toluene (120 c.c.) 
instead of benzene and boiling for 44 hr. gave the dihydroresorcinol (13-2 g., 33%). 

(2) From ethyl 4-phenyleinnamate, Ethyl 4-phenylcinnamate (6 g., | mol.) in hot ethanol 
(60 .c.) was condensed with ethyl acetoacetate (4-5 c.c., >1 mol.) in the presence of sodium 
ethoxide (1 mol.) on a water-bath for 22 hr, Subsequent procedure as described above (la) gave 
the diphenylyldihydroresorcinol, m, p, 234° (1-6 g., 25%). 

(3) From ethyl 4-phenylbensylidenemalonate. Ethyl 4-phenylbenzylidenemalonate (6-5 g., 
1 mol.) in ethanol (5 ¢.c.) was condensed with ethyl acetoacetate (2-6 g., >1 mol.) in the presence 
of sodium ethoxide (1 mol.) on a water-bath for 12 hr, The dihydroresorcinoldicarboxylate 
produced was hydrolysed, etc., as above, to give the diphenylyldihydroresorcinol, m. p. 234° 
(2-4 g., 46%) 

4 6 Dicthoxycarbonyl-5-(4-diphenylyl)dthydroresorcinol was isolated by acidification before 
hydrolysis by sodium hydroxide in following the above procedure and crystallised from ethanol 
as needles, m. p. 198° (Found; C, 70-5; H, 5-9. Cy,HyO, requires C, 70-6; H, 5-9%). 

5 (4 Diphenylyldihydroresorcinol monoxime. Diphenylyldihydroresorcinol, when treated in 
ethanol with hydroxylamine hydrochloride (1 or 2 mol.) and sodium hydroxide or heated with 
hydroxylamine sulphate (>2 mol.) and anhydrous potassium acetate in ethanol under reflux, 
only gave the monoxime, which from methanol formed pale yellow crystals, m. p. 182° (Found : 
N, 6-0. Cy,H\,O,N requires N, 5-0%), Although it is possible to obtain the monoximes of 
dihydroresorcinols,™™ the dioxime is usually obtained. 

Action of Bromine on Diphenylyldihydroresorcinol.—Bromine (0-8 g., 1 mol.) in chloroform 
(8 c.c.) was added during 2 hr, to a suspension of diphenylyldihydroresorcinol (1-3 g., 1 mol.) in 
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chloroform (15 ¢.c.). Next day the suspended solid was filtered off and dried in a vacuum 
desiccator over sodium hydroxide, Crystallisation from acetone-pentane gave 2-bromo-5-(4- 
diphenylyl\dihydroresorcinol, m. p. 228° (Found: Br, 23-5. C,sH,,O,Br requires Br, 23-3%). 
Treatment of the dihydroresorcinol (1 mol.) with bromine (>2 mol.) or the 2-bromo-compound 
(1 mol.) with bromine (1 mol.) as above did not yield a dibromo-compound. 

Action of Phosphorus Trichloride on 5-(4-Diphenylyl)dihydroresorcinol._Diphenylyldihydro- 
resorcinol (2-6 g., 2 mol.) was suspended in dry chloroform (10 c.c.) and heated with phosphorus 
trichloride (0-7 g., 1 mol.) for 3hr. The chloroform was evaporated and crushed ice added to the 
residue, the mixture then being extracted with ether. The extract was washed with 4% sodium 
hydroxide solution and water, and dried (Na,SO,). Evaporation and crystallisation of the 
residue (0-7 g., 25%) from methanol gave a product of unsharp m. p. which was passed in ether 
through neutralised alumina; the ether eluates yielded 3-chloro-5-p-diphenylylcyclohex-2-en- 
one, which crystallised from ethanol as needles, m. p. 94° (Found: C, 76-2; H, 5-2; Cl, 12-3, 
CygH,,OCl requires C, 76-5; H, 5-4; C, 12-5%). 

Action of Phosphorus Pentachloride on 5-Diphenylyldihydroresorcinol,—Diphenylyldihydro- 
resorcinol (5-3 g., 1 mol.) was suspended in dry chloroform (12 ¢.c.), and phosphorus penta- 
chloride (8-4 g., 2 mol.) was added in small quantities. The mixture was heated on a water- 
bath until hydrogen chloride evolution ceased, The chloroform was then distilled off rapidly 
and the mixture, after cooling, poured on crushed ice and extracted with ether. The extract 
was washed with 4% aqueous sodium hydroxide and dried. Removal of ether yielded a brown 
oil (5-1 g.) which did not solidify and a portion of it was passed in ether through a short column 
of neutralised alumina. The first ether eluates yielded | : 3-dichloro-5-(4-diphenylyl)cyclohexa- 
1 : 3-diene, which decolorised aqueous potassium permanganate and crystallised from methanol 
as leaflets, m. p. 70° (Found: C, 71-4; H, 45. C,,H,,Cl, requires C, 71-8; H, 4°7%). Later 
eluates yielded 3 : 5-dichloro-p-terphenyl, which did not decolorise aqueous potassium perman- 
ganate and crystallised from methanol as plates, m. p, 120° (Found: Cl, 23-3, Cygl,,Cl, 
requires Cl, 23-7%). 

Oxidation of Diphenylyldihydroresorcinol._(1) With potassium permanganate. Diphenylyldi 
hydroresorcinol (1-3 g., 1 mol.) and sodium carbonate (0-5 g.) were dissolved in 12 c.c, of water. 
To the warm solution was added an excess of a saturated solution of potassium permanganate 
and the mixture was set aside overnight. The manganese dioxide was filtered off and the 
solution acidified with sulphurous acid. The resulting precipitate crystallised from ethanol as 
colourless needles which did not melt sharply, but, when heated at 160° /0-025 mm., the major 
portion, diphenyl-4-carboxylic acid, sublimed (Found: C, 78:7; H, 5-2. Cale, for CygH,,O,: 
C, 78-8; H, 51%) (Hey ™ records m. p. 224—-225°), m. p. 224° alone or mixed with a specimen, 
m., p. 224°, prepared from diphenyl-4-aldehyde. 

(2) With sodium hypobromite, Diphenylyldihydroresorcinol (1-2 g.) in sodium hydroxide 
solution (1 g, in 50 c.c.) was added to sodium hypobromite solution (from 3-4 g. of bromine). 
Next day the solution was shaken with ether to remove bromoform and carbon tetrabromide. 
The aqueous layer was acidified and the precipitated product repeatedly extracted with ether. 
The dried ethereal extract yielded §-(4-diphenylyl)glutaric acid (0-8 g., 62%), which crystallised 
form acetone as needles, m, p. 219° (Found: C, 71-4; H, 5-6. CH yO, requires C, 71-8; H, 
57%). 
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529. Perfluoroalkyl Derivatives of Sulphur. Part V.* 
aa- Di fluoro-2-(trifluorothio)acetic Acid. 


By R. N. Haszec_pine and F. Nyman. 


Electrolysis of a solution of thioglycollic (mercaptoacetic) acid in 
anhydrous hydrogen fluoride yields the acid SFyCF,CO,H, Salts and deriv- 
atives of this acid are described and their infrared spectra are reported, 
Keaction of the salt SF,CF,CO,Ag with chlorine yields the compound 
CH, ClSF,. Electrochemical fluorination of methyl iodide fails to give iodo- 
compounds such as CF,I, IF ,, or CFy 1 F,, 


EARLIER studies! showed that electrochemical fluorination by a technique originally 
developed by Simons and his colleagues? provides an excellent route to perfluoroalky! 
derivatives of sulphur; ¢.g. : 
Me,S ——» CFySF, + (CF,),5F, 
CS, —» CF,‘SF, + CF,(SF,), + CF,(SF,), 
CH,SO,F ——» CF,-SO,F ——» CF,SO,H 


It is evident that the sulphur atom in suitable starting compounds can be oxidised during 
electrochemical fluorination to its quadri- or sexa-valent state without complete degrad- 
ation by ©-S cleavage. The possibility thus arose of preparing compounds which are 
(a) partly inorganic, since they may be regarded as related to sulphur tetra-~ or hexa- 
fluoride, and (6) partly organic, since they may be regarded as derivatives of acetic acid. 
Such compounds, ¢.g., aa-difluoro-«-(pentafluorothio)acetic acid (1) or «a-difluoro-a-(tri- 


(1) SFyCP,CO,H SFyCFyCO,H = (11) 


fluorothio)acetic acid (II) would open up a new branch of sulphur chemistry, since the 
carboxyl group in perfluoroalkanc carboxylic acids is capable of a wide variety of reactions.* 

The present communication reports a study of the electrochemical fluorination of 
thioglycollic (mercaptoacetic) acid. Extensive breakdown occurs, some of which is doubt- 
less caused by the fluorine oxide produced from the water liberated from the carboxy! 
group (eg., R°CO,H + HF «— R°COF + H,O), and this necessitates use of equipment 
on a larger seale than described earlier.! Preparation of the acid fluoride of thioglycollic 
acid, which would be the ideal starting material, is precluded by the thiol group. The 
products from the electrolysis of thioglycollic acid in anhydrous hydrogen fluoride are thus 
complex, but from them can be isolated a«-difluoro-a-(trifluorothio)acetic acid (II) as a 
colourless fuming acid (b. p. 132-5°) which ‘is stable in dry apparatus, This acid is 
related to sulphur tetrafluoride, and it is probable that the acid (I), which is analogously 
related to sulphur hexafluoride, is also produced, although attempts to obtain it analytically 
pure failed 

rhe infrared spectrum of the liquid acid (II) shows the acid-carbonyl absorption at 
5-60 u, bonded OH at 3-15 uw (ef. CFy°CO,H, 5-60, 3-18 4), the C-F stretching vibrations at 
8-20, 847, and 8-80 u, and the S-F stretching vibration as a powerful doublet at 11-40, 
11-65. The infrared spectrum of the vapour shows the carbonyl absorption as a doublet 
at 5-46 (non-bonded carbonyl) and 5-60 uw (cf. CFyCO,H, 5-46, 5-56 4) and the free OH 
vibration is at 2-80 u (ef. CFy°CO,H, 2-80 u); the S-F vibration shifts to 11-17 u. 

a«-Difluoro-a-(trifluorothio)acetic acid is readily soluble in water and the solution can 
be titrated with aqueous sodium hydroxide without attack on the SF, group. The sodium 
salt, prepared in this way, shows carbonyl absorption at 5-89 u, C-F absorption centred on 
8-46 u, and the S-F vibration at 11-63 «. It decomposes slowly in aqueous or alkaline 


* Part IV, /., 1966, 173. 
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solution. The silver salt, prepared by reaction of the acid with silver carbonate, also 
decomposes in aqueous solution, but is stable when dry. Its infrared spectrum shows 
carbonyl absorption at 6-15 4, C-F absorption centred on 8-43 u, and S-F absorption at 
11-554. The S-benzylthiuronium salt of the acid was readily prepared, but attempts to 
recrystallise it failed. The aniline salt could not be obtained pure. The instability of 
derivatives of aa-difluoro-a-(trifluorothio)acetic acid can be attributed to the hydrolysis of 
the SF, group on prolonged contact with basic media. 

Trifluoroacetic acid was also isolated from the liquid reaction products from the electro- 
chemical fluorination of thioglycollic acid, as was a fraction believed to be a«-difluoro-a- 
(pentafluorothio)acetyl fluoride, SFy°CFyCOF. The last compound had b. p, 22°, and 
showed acy] fluoride absorption in the infrared at 5-27 u, C-F absorption at 8-12 u, and S~F 
absorption at 11-12 yu, but was contaminated by smal! amounts of a by-product which was 
insoluble in aqueous base and could not be separated from the acyl fluoride. 

The reaction of chlorine with the mixed anhydrous silver salts of acids (1) and (II) was 
briefly investigated to determine whether decarboxylation with simultaneous chlorination 
occurred, to give chlorodifluoromethy! sulphur tri- and penta-fluoride by a reaction 
analogous to that described earlier for silver salts of polyfluoroalkanecarboxylic acids ; 4 


Cl 
SF,-CF,CO,Ag —> SF,CF,-CO,Cl —— SF,-CP,Cl / 
ne 3ors 


Silver a«-difluoro-a-(trifluorothio)acetate reacted immediat=!y with é chlorine, but underwent 
complete breakdown to carbon dioxide, carbonyl! fluc: { : rie, and, by attack 
on the reaction vessel, silicon tetrafluoride. By co: aah, | .-<fluoro-a (penta- 
fluorothio)acetate present in the mixture yielded chloi+istu,.vmethylsulphur penta 
fluoride as a colourless gas (b. p. 16-5°) which was stable to dilute aqueous alkali; its infra- 
red spectrum showed the absence of CO or SCH groups and revealed the C-F stretching 
absorptions at 8-04, 8-36, and 8-74 y and the S~F stretching vibration at 11-15y. The b. p. 
increment is as expected for replacement of fluorine in trifluoromethyl sulphur penta- 
fluoride (b. p. —22°) by chlorine, 

Examination of the gaseous products produced by the electrochemical fluorination of 
thioglycollic acid revealed the following approximate composition : SF, 30%, CHF, 25%, 
SO,F, + SOF, 20%, COF, 8%, CF, 7%, CFySF, 5%, CFy°COF 29), and CO, 2%. Carbon 
tetrafluoride was a major product produced by breakdown. The compounds SF,-CFy-COgH, 
SF,°CF,CO,H, CF,°CO,H, and SF,°CF,COF present in the products of higher b. p. have 
been mentioned above. The following conclusions can thus be drawn ; (a) The fluorination 
of thioglycollic acid can occur to the state where sulphur is in the quadri- or sexa-valent 
state without complete breakdown of the molecule. (b) a«-Difluoro-a-(trifluorothio)- 
acetic acid is produced either by reaction of an intermediate such as SFy’CF,°COF with 
water produced during the electrolysis, or by fluorination of the ~-CHy’SH group without 
attack on the carboxyl group. (c) The CH, group of thioglycollic acid 1s fluorinated before 
attack, or completion of the attack, on the thiol group, since products such as 
SF,°CH,’CO,H, SFy-CHF-CO,H, or SF°CH,y’COF were not detected. (d) Partially fluorin- 
ated products containing more than one hydrogen atom, ¢.g., SH*CFyCO,H, SF*CHyCOF, 
are not obtained. (e) C—S fission occurs with fluorination of the resultant fragments, to 
give SF, and CF,-COF or CF,°CO,H. (f) C-C fission oceurs with fluorination of the 
resultant fragments to give CFySF, and COF,. (g) C-C and C-5 fission occur to give 
SF,, CF,, CHF,, COF,, CO,. (hk) Compounds containing an S~S bond, ¢.g., SgF yo, are not 
obtained, but combination of CF, radicals produced during the electrolysis can occur to 
give C,F,. (i) Fluoroform is an important breakdown product. The isolation of fluoro- 
form, though not of other compounds containing one or more hydrogen atoms, can be 
attributed to its volatility and decreased solubility in hydrogen fluoride or to its failure to 
be adsorbed on the anodes, As long as the partially fluorinated organic compound contains 
two or more hydrogen atoms it is apparently soluble in hydrogen fluoride and/or adsorbed 


* Haszeldine, Nature, 1950, 166, 192; J., 1951, 584; 10952, 4259; Wenne and Finnegan, J, Amer 
Chem. Soc., 1950, 72, 3806; Haszelidine and Sharpe, /., 1952, 903 
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on the anodes, and is hence fluorinated further. The products obtained thus tend to be 
perfluorinated, (j) An induction period was noted during the early stages of the electrolysis 
of thioglycollic acid, during which free fluorine, as distinct from fluorine oxide, was produced 
at a voltage less than that normatly required to give fluorine by electrolysis. In addition 
to the ideas outlined earlier,” namely, fluorination by adsorption of the organic compound 
on the anode followed by fluorination by a higher fluoride of nickel, one must thus also 
consider the possibility that fluorine atoms or molecular fluorine is involved either as 
direct fluorinating agent, or, more probably, as a means of producing the higher fluoride of 
nickel. The induction period might be attributed to the time necessary to build up a 
suitable concentration of nickel polyfluoride. It is noteworthy that only the anodes are 
attacked during the fluorination, to give ultimately nickel difluoride as a friable powder 
which drops off the anodes and collects at the bottom of the cell. 

The electrochemical fluorination of methyl iodide was also investigated to determine 
whether compounds such as CFI or CF, IF, would be obtained. Methyl iodide does not 
conduct when dissolved in hydrogen fluoride, and lithium fluoride was added to provide a 
conducting solution. The products were CF, (main product), CHF, 16%, CH,F, 1%, 
CH,F 1%, and solid iodine, It is evident that : (a) The weak C-I bond in methyl iodide is 
broken before the C-H bond, (6) Perfluorination occurs, probably because CH,F and 
CH,F, are soluble in hydrogen fluoride and adsorbed on the anodes. (c) Solid iodine, 
substantially insoluble in hydrogen fluoride, is produced and its fluorination to iodine 
fluorides such as IF, does not occur. 


EXPERIMENTAL 


A pparatus.-The electrolytic cell was considerably larger than that described earlier.” The 
cell body was a flanged closed steel cylinder, 28 cm. long and 21 cm. in diameter, with silver- 
soldered and welded joints. The cell was filled with anhydrous hydrogen fluoride (7 kg.) by 
means of a nickel valve and was drained by use of a similar valve in the base. Solute was added 
to the cell through a nickel valve by means of a small nickel funnel. The 36 electrodes were 
each 25-6 cm. long and 0-05 cm. thick, and varied in width from 8-7 to 18-0 cm. so as to get the 
maximum surface area in the volume available. The electrodes were alternate anodes and 
cathodes with a total surface area of ca. 24,500 sq. cm,, and were insulated from each other by 
Teflon spacers. The electrodes were suspended from the cell lid by their electrical leads which 
were also insulated by Teflon bushings. A Teflon gasket 1-0 cm. wide and 0-6 cm. thick clamped 
by 12 bolts rendered the flange leakproof. Two electrical probes, used to determine the 
electrolyte level, extended to near the top of the electrode pack and to two-thirds of the depth 
of the cell respectively, The efficiency and capacity of the condenser is of particular importance 
and the multiple concentric vertical tube condenser used initially was later discarded, since, 
although it was extremely efficient as a condenser, attack of hydrogen fluoride on the numerous 
brazed joints soon led to leaks of coolant into the cell, The spiral condenser finally used proved 
to be satisfactory; it was made of steel tubing of 2-2 cm. internal diameter and was approx- 
imately 256 cm. in diameter, with 6 spirals in its height of 80cm. The cooling jacket welded to 
the bottom of the condenser contained aqueous glycol as coolant, circulated rapidly at — 5° to 

12° by means of a powerful pump. 

The exit gases from the cell passed from the top of the condenser, via a safety tube dipping 
into mercury, to two flanged copper tubes (each 65 cm. by 5-5 cm.) containing sodium fluoride 
pellets (500 g.), then to a similar tube packed loosely with 1 cm. squares of rubber sheet to 
absorb fluorine oxide, The condensable products were collected in traps cooled at —78° and 

183°, and hydrogen and carbon tetrafluoride escaped to the atmosphere, In the experiments 
described below, none of the products was obtained as a lower layer in the cell; the stream of 
hydrogen was sufficient to carry even liquids with b. p. > 130° through the condenser and into 
the cooled trap 

Methyl! iodide and thioglycollic acid were commercial samples dried and distilled before use. 
rhe hydrogen fluoride was sufficiently anhydrous to render preliminary electrolysis unnecessary. 

Electrochemical Fluovrination of Methyl lodide.-To the electrochemical apparatus containing 
anhydrous hydrogen fluoride (7 kg.) and lithium fluoride (10 g.) (to provide conductivity) was 
added methy! iodide (25 g.), and electrolysis was started at 50 amp. and 4-6 v (current density 
0-004 amp./em.*), Further quantities of methyl iodide (30 g.) were added aiter every 
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100 amp. hr. (175 g. total), and anhydrous hydrogen fluoride was added periodically to maintain 
the electrolyte level Constant, Current was passed at an average of 50 amp. for 14:5 hr, 
A representative sample of the gas which passed through traps cooled at — 183° was examined 
spectroscopically and found to contain carbon tetrafluoride. Distillation in vacuo of the 
material which had condensed in the cooled traps (33-7 g.) gave unchanged methyl iodide 
(2-9 g.), b. p. 42-5°, ny 1-528 (Found: M, 142. Cale. for CH,1: M, 142), carbon tetrafluoride 
(16-5 g., 16% based on methyl iodide), fluoroform (13-3 g., 16%, based on methyl iodide), and 
small amounts (ca. 1%) of methyl fluoride and methylene fluoride, Distillation im vacuo did 
not give quantitative separation of the last compounds, and a combination of infrared 
spectroscopy and molecular-weight determinations on a series of fractions was used to determine 
the yields. The carbon tetrafluoride isolated as above represents only a small portion of the 
carbon tetrafluoride formed during the reaction, since most of it is swept through the cooled 
traps by the stream of hydrogen. 

The bottom of the cell was found to be covered with solid iodine when it was opened at the 
end of the experiment. 

Electrochemical Fluorination of Thioglycollic Acid.-\n a typical experiment the apparatus 
was charged with anhydrous hydrogen fluoride (7 kg.; water content <0-2%) and thioglycollic 
acid (200 g.), and electrolysis was begun at 10 amp, and 4-2 v (current density 0-0008 amp. /cm.,"), 
After 780 amp. hr. a further 100 g. of thioglycollic acid were added and electrolysis was continued 
for a further 320 amp, hr. At this stage the amperage and voltage were increased to 14 amp. 
and 4-4 v respectively (current density 0-0011 amp./cm.") and electrolysis was continued for 
630 amp.hr. A further 200 g, of thioglycollic acid were added (500 g. total) and the electrolysis 
was completed at 14 amp, and 4-4 v (1040 amp. hr,). A total of 2770 amp. hr. was thus required, 
The electrolyte level was maintained constant during the experiment by periodic addition of 
anhydrous hydrogen fluoride. 

The reaction products which had condensed in traps cooled to —78° and 183° were 
divided into three arbitrary fractions A (110 g.), B (25 g.), and C (750 g.) by distillation at 
10 mm., and condensing the material in traps cooled to -- 64°, — 96", and — 183° respectively. 
These fractions were examined separately as described below 

When the cell was examined at the end of the experiment, a layer of dark brown solid (ca. 
200 g.) was found on the bottom, and a yellowish deposit was noted on the anodes, but not on 
the cathodes, The solid did not contain any ether-soluble material, and analysis of its solution 
in concentrated hydrochloric acid showed it to consist of ferric fluoride (80%) and nickel 
fluoride (20%). 

aa-Difluoro-a-(trifluorothio)acetic Acid (Fraction A).—-¥raction A, b. p. »>20°, was distilled 
from phosphoric anhydride (0-2 g.) and a few small pellets of sodium fluoride through a short 
column packed with glass helices. Hydrofluoric acid liberated during the distillation etched 
the apparatus and made redistillation of the fractions necessary to remove fluorosilicates, The 
major constituents finally isolated were trifluoroacetic acid (43-0 g., 7% based on thioglycollic 
acid), b. p. 72°, identified by means of its infrared spectrum, and a«-difluoro-a-(trifiuorothio)acetic 
acid (30-2 g., 3% based on thioglycollic acid), b. p. 132-5° (Found; C, 12-9; H, 1-0; F, 61-8; 
S, 176%; equiv., 184-9. C,HO,F,S requires C, 13-0; H, 0-56; F, 51-6; S, 174%; equiv., 
184-0). The aa-difluoro-a-(trifluorothio)acetic acid was analysed for fluorine and sulphur by 
fusion with sodium at 600° for 2 hr. in a Pyrex tube. The resultant sodium fluoride 
was determined as fluorosilicic acid by titration with thorium nitrate solution, The sodium 
sulphide was converted into sulphate by treatment with an excess of 30% hydrogen peroxide, 
and, after removal of the residual hydrogen peroxide, sulphate was determined gravimetrically 
as barium sulphate. 

Fraction B.—-Attempts to purify this material by fractionation in vacuo failed, 1t was there- 
fore distilled through a 12” Podbielniak Heli-Grid column with reflux condenser at — 60° and 
a reflux ratio of 30:1. The material boiled over the range 11-26", and the major fraction, 
b. p. 21-5—22-56°, was impure aa-difluoro-a-(pentafluorothio)acet”! fluoride (Found: C, 11-7; 
H, 0%; M, 226. Cale. for C,OF,S: C, 10-7; H, 0%; M, 224) contaminated by material 
which was resistant to concentrated aqueous sodium hydroxide. Further purification by 
distillation could not be effected on the scale used, 

Fraction C.—Preliminary attempts at purification by distillation in vacuo showed that the 
material was a complex mixture. It was therefore split into arbitrary fractions by distillation 
and each fraction was analysed by infrared spectroscopy; the average molecular weight of the 
fraction was also determined and used in the analysis. The results so obtained were combined 
with those from partial hydrolysis of the fraction with 20% aqueous sodium hydroxide; this 
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treatment removed trifluoroacety! fluoride, carbony] fluoride, carbon dioxide, sulphury] fluoride, 
and sulphonyl fluoride. The alkaline solution was neutralised with sulphuric acid, then 
evaporated to dryness, and the residual solid was extracted with anhydrous ethanol; evapor- 
ation of the ethanol gave spectroscopically pure sodium trifluoroacetate. The average 
composition of fraction C determined in this way was: CHF, 25; C,F, 7; CF,COF 2; COF, 
8; CO, 2; SF, 30; SO,F, plus SOF, 20; CF,SF,5%. No great accuracy is claimed for these 
figures in view of the complexity of the mixture; the figures for CF,-COF, CHF,, C,F,, and 
Ch y5F, are the most accurate, 

Induction Period during Electrochemical Fluorination._-E-volution of product of b, p. > — 80° 
from the electrolysis cell does not begin immediately electrolysis is started. There is an 
induction period of up to 100—200 amp. hr. (at <4-5v) during which a gas containing free 
fluorine is evolved, 

Derivatives of aa-Difluoro-a-(trifluorothio)acetic Acid.—The acid (0-52 g.) was dissolved in 
water (6 ml.) and treated with freshly precipitated silver carbonate in slight excess. The 
mixture was centrifuged to remove the excess of silver carbonate, and the solution was 
immediately freeze-dried in the dark, The solid so obtained was extracted with anhydrous 
ether, and the extract was filtered, then evaporated to dryness, to give the white silver salt (0-8 g., 
98%,) (Found: C, 87; H, 0; Ag, 36-7. C,O,F,SAg requires C, 8-3; H, 0; Ag, 37-1%). The 
salt was dried in vacuo over phosphoric anhydride before analysis until infrared spectroscopy 
showed the absence of water; a weighed sample was then dissolved in water, and the solution 
was treated with concentrated nitric acid, then hydrochioric acid to precipitate silver chloride. 

aa-Difluoro-a-(trifluorothio)acetic acid (1-0 g.) was dissolved in water, then immediately 
exactly neutralised (pH meter) with 0-1n-sodium hydroxide. Freeze-drying of the solution 
gave the white sodium salt which was dried in vacuo over phosphoric anhydride before analysis 
(Found: Na, 11-2. C,O,F,SNa requires Na, 11-2%). Sodium was determined as sodium 
sulphate after decomposition of the salt with concentrated sulphuric acid followed by repeated 
evaporation to dryness with further quantities of sulphuric acid. 

The acid (0-10 g., 0-54 mmole) in water (2 ml.), mixed with S-benzylthiuronium chloride 
(0-11 g., 0-54 mmole) in water (2 ml.), gave a white precipitate which was immediately filtered 
off, washed with water, and dried in vacuo over phosphoric anhydride. Fluoride ion was not 
liberated during the reaction, Attempts to recrystallise the S-benzylthiuronium salt (0-132 g., 
70%) (Found: N, 7:7. CygH,,O,N,F,S, requires N, 80%), m. p. approx. 112° (decomp.), 
prepared in this way were unsuccessful, since evolution of a gas and liberation of fluoride ion 
accompanied extensive decomposition, The infrared spectrum shows the CO,~ band at 6-00 u, 
C~F absorption at 8-40 and 8-47 yp, and S~F absorption at 11-50 yu. 

Attempts to prepare the aniline salt from an ethereal solution of ««-difluoro-a-(trifluorothio) 
acetic acid gave a white solid which was not analytically pure and which could not be recrystal 
lised without decomposition from any of the several solvent systems examined, The crude 
solid showed CO,” absorption at 5-97 u, C~F absorption at 8-35, 8-51 yu, and S-F absorption at 
11-50 or 11-75 yu 

Chlovodifluovomethylsulphur Pentafluoride [Chlorodifluoro(pentafluorothio)methane).—A mix 
ture (5-24 ¢.) of silver aa-difluoro-«-(trifluorothio)acetate and silver ««-difluoro-a-(pentafluoro 
thio)acetate was thoroughly dried in vacuo (7 days), then sealed in a 50 ml. Pyrex tube with dry 
chlorine (1-007 g.). Reaction occurred when the tube was allowed to warm to — 23° and was 
apparently complete within a few minutes, The gaseous products were removed after 24 hr. 
at room temperature and fractionated in vacuo to give carbon dioxide, silicon tetrafluoride, 
thiony! fluoride, carbonyl fluoride (all identified by means of their infrared spectra), and a 
fraction (0-937 g.) (Found: M, 204) which spectroscopic examination showed to be contamin- 
ated by silicon tetrafluoride. The last fraction was shaken with water in a sealed tube (24 hr.), 
then with 5%, aqueous sodium hydroxide (15 min.), and refractionated, to give chlorodifluoro 
methylsulphur pentafluoride (0-512 g.), b. p. 165° (Found: C, 68; Cl, 17:2%; M, 212-5 
CCIF,S requires C, 5-7; Cl, 16-7%; M, 212-5. Cf. calc. for CCIF,S: C, 6-9; Cl, 203%; M, 
174-5). Reliance should be placed on the chlorine analysis and molecular-weight determination, 
since analysis of these oxygen-free derivatives of sulphur hexafluoride for carbon has proved 


difficult 
Infraved Spectra.-These were determined on a Perkin-Elmer Model 21 with sodium chloride 


opt 4 

SP yCF,CO,H (liquid): 3-15 (s broad), 3-7, 3-9 (w side bands), 5-60 (s sharp), 6-93 (m), 
7-40 (m), 8-20 (vs), 847 (vs), 8-80 (vs), 11-40, 11-65 (vs doublet), 14-40, 14°73 (w doublet). 
Here and below, 8 strong, W weak, vs very strong, m = medium strength. 
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SF,yCF,-CO,H (vapour): 2-80 (w sharp), 5-46, 5-60 (s sharp doublet), 7-41 (w), 8-05 (vs), 
8-45 (m), 8-83 (s broad), 9-55 (w), 11-17 (vs), 11-54 (m). 

SFyCF,yCOF (vapour): 5-27 (s sharp), 7-79 (m), 7:93 (s), 8-12 (vs), 8-50 (w), 8-60 (w), 
8-82 (vs), 9-10 (w), 9-98 (m), 10-66 (m), 11-12 (vs), 11-54 (vs), 13-05 (w), 14-73 (m). 

SFyCF,Cl (vapour): 7-44 (w), 8-04 (vs), 8-36 (vs), 8°74 (vs), 9-47 (w), 10-30 (vs), 11°15 (vs), 
11-97 (vs), 13-33 (w), 14-43, 14-53 (w doublet), 

SF,*CFy°CO,Na (Nujol mull): 5-89 (s sharp), 6-87 (w), 7-15 (w), 7-55 (w), 81 (s), 8-46 (vs), 
8-95 (m), 9-25 (m), 11-63 (vs broad), 12-30 (m), 13-75 (s). 

SFyCFyCO,Ag (Nujol mull): 6-15 (s sharp), 7-07 (w), 8-10 (m), 8-43 (vs), 8-93 (m), 9-30 
(m), 10°53, (w), 11-55 (vs broad), 12-25 (m), 13-83 (s), 14-63 (w). 
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530. Aconitum and Delphinium Alkaloids. Part I. The 
Environment of the Nitrogen Atom in Delpheline. 


By R. C. Cookson and M. E. Trevetr. 


The heptacyclic molecule of delpheline has been shown to contain a 
N-ethylpiperidine ring with a methylene group in the ring on one side of the 
nitrogen atom, and a five-membered ring bearing a secondary hydroxyl 
group which must be close to the nitrogen atom 


PLANT material identified as Delphinium elatum, L., has yielded to different investigators 
a remarkable variety of different, but obviously closely related, alkaloids, Keller and 
Volker! isolated from the seeds a crystalline base, probably delpheline. From green 
parts of the same species collected in Russia, Rabinovich ® isolated eldeline, the acetate 
ester of eldelidine, C,,H,,0,N : Feofilaktov and Alekseeva® isolated delphelatine, the 
propionate of an alkamine, C,,H,,0,N : Kuzovkov * isolated elatine, an ester of elatidine, 
C,,;H,,O,N, which could be hydrolysed to formaldehyde and lycoctonine. Goodson ® 
separated three alkaloids from “ the seeds of a horticultural species, D. elatum,"’ methy! 
lycaconitine (an ester of lycoctonine *), delpheline, C,,H,,0,N,’ and in small amount 
delatine, C,,H,,0,N. Careful comparison of the published properties of the alkamines 
shows that none is identical. 

The source of our alkaloids was the seeds and the aerial portion of the common giant 
perennial Delphinium of horticulture, which is not a genetically pure strain of D. elatum, 
but a hybrid of D. elatum with D. cheilanthum, D. formosum, and many other species. 
Presumably the seeds extracted by Goodson were from a similar mixture of hybrids, 
and by his procedure we had no difficulty in isolating methyl-lycaconitine and delpheline 
in yields similar to his. A much more convenient and efficient method of extraction, 
avoiding crushing of the seeds and percolation with large volumes of organic solvents, 
is described in the Experimental part of this paper 

Goodson 7 assigned to delpheline the formula, C,,H,,0,N, which we have confirmed by 
analysis of many derivatives and transformation products. He showed that it contained 
three methoxyl groups, and formed a basic monoacetate, indicating the presence of a 
hydroxyl group. Since delpheline gave Gaebel’s test and on treatment with strong acid 
liberated about a mol. of formaldehyde, the two remaining oxygen atoms were placed in 
a methylenedioxy-group, although other interpretations are obviously possible. 

Keller and Vélker, Arch. Pharm., 1925, 263, 274 

* Rabinovich, J, Gen, Chem, (U.S.S.R.), 1952, 22, 1702. 
Feofilaktov and Alekseeva, ibid, 1954, 24, 738 
Kuzovkov, thid., 1955, 25, 422. 
Goodson, /., 1943, 139 
Cookson, Page, and Trevett, /., 1954, 4028. 
Goodson, J., 1944, 665, 
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The production of ethyl iodide from delpheline and hydriodic acid in the normal Herzig-— 
Meyer estimation of N-alkyl groups suggests that the tertiary nitrogen atom bears a side 
chain of two carbon atoms, but does not distinguish between an ethyl group and, 
for example, a 2-methoxyethyl group. We have now proved in two independent ways 
that delpheline does contain a simple N-ethyl group. 

Nitrous acid * converted delpheline (cf. 1) into de-ethyl-N-nitrosodelpheline (cf. II), 
characterised by its neutrality and characteristic ® absorption spectrum, Amex, 238—239 
my (¢ 8200) and 354—-355 my (e 100). An attempt to increase the efficiency of the con- 
version by use of nitrosyl chloride in benzene gave no neutral product, but by repeated 
treatment of unchanged delpheline with nitrous acid up to 80°% could be converted into 
the N-nitroso-compound. The sensitivity of delpheline to strong acid ruled out direct 
removal of the N-nitroso-group by hydrolysis.* The substance was resistant to hydro- 
genation at atmospheric pressure and to the action of zinc and dilute acid, but was reduced 
by lithium aluminium hydride, sodium and alcohol, or, best, lithium in ammonia to N- 
aminode-ethyldelpheline (cf. I11), which could be hydrogenolysed to de-ethyldelpheline 
(ef. 1V). Acetylation of the secondary base (cf. IV) yielded a neutral monoacetyl derivative 
(cf. V) that regenerated delpheline on reduction with lithium aluminium hydride. 

The starting point of a second cycle for removal and replacement of the N-ethyl group 
was to oxidise delpheline with mercuric acetate. Among the products was a water- 
soluble base, Cy,H,,0,N, crystallising with one mol. of water. It was identified as 
«-hydroxydelpheline (cf. VI) by oxidation with potassium permanganate to the N-acetyl 
derivative (cf. V) and by cleavage with dilute acid to de-ethyldelpheline (cf. 1V). 

Oxidation of delpheline with potassium permanganate in acetone afforded the neutral 
oxodelpheline (cf. VII), the carbonyl stretching frequency of which at 1648 cm.! shows 
that the lactam ring is of six (or more) atoms, so that the nitrogen atom in delpheline must 
be situated as in partial formula (I). Lithium aluminium hydride reduced oxodelpheline 
very slowly to delpheline. : 


Et Et NO NH, 
N N N N 
Oo H, 
; ——— 4 ee —» 
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, (tt) (tt) 
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Me-CH-OH Me-CO 
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rhe presence of a hindered hydroxy! group in delpheline was established by its acety!- 
ation with acetyl chloride, but not, or only very slowly, with acetic anhydride and pyridine, 
to a basic acetate that regenerated delpheline on hydrolysis. The secondary nature of the 
hydroxyl group followed from the oxidation of delpheline to dehydrodelpheline with the 
loss of two hydrogen atoms, The infrared spectra of the two substances were very similar 
except that the band at 3500 cm.“ in delpheline was replaced by one at 1748 cm.~! in 
dehydrodelpheline, which therefore has a carbonyl group in a five-membered ring. The 
ketone could be reduced back to the alcohol with lithium aluminium hydride, sodium and 


(Vit) 


(vib 


* Abubakirov and Yunusov, ]. Gen. Chem. (U.S.S.R.), 1954, 24, 733; cf. Jacobs and Craig, /. Biol 
Chem., 1940, 186, 323; Speyer and Walther, Ber., 1930, 63, 852 

* Goldberg and Kirchsteiner, Helv. Chim. Acta, 1943, 26, 288; Briggs, Harvey Locker, McGillivray, 
and Seelye, /., 1950, 3013; Haszeldine and Jander, /., 1954, 691 
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alcohol, or lithium and ammonia, but it formed no carbony! derivatives. The oxidation 
could be carried out not only by chromic acid in acetic acid, or, the best reagent, N-bromo- 
succinimide, but also by such mild reagents as silver oxide (which also gave dehydro- 
oxodelpheline) and mercuric acetate (which also gave «-hydroxydelpheline). Rather 
unexpectedly, chromic anhydride in pyridine ' oxidised delpheline to oxodelpheline, not 
dehydrodelpheline. Oxodelpheline could be further oxidised by the reagent to the keto- 
amide, dehydro-oxodelpheline, also produced by treatment of dehydrodelpheline with 
potassium permanganate in acetone. Lithium aluminium hydride reduced dehydro-oxo- 
' delpheline to oxodelpheline and ultimately to delpheline. 

The physical properties of derivatives of delpheline with different functions at the 
nitrogen and carbinol-carbon atoms showed that these two parts of the molecule are close 
enough to influence each other quite strongly. The basicities of delpheline, acetyldel- 
pheline, and dehydrodelpheline fall sharply in that order (apparent pK, in 50% ethanol 
7-6, 6-9, and 5-5 respectively). That is most simply interpreted as indicating progressive 
withdrawal of electrons from the nitrogen atom. The ultraviolet absorption of the 
dehydro-compounds illustrates equally clearly the interaction between the carbonyl group 
and the nitrogen atom. When the function of the latter is changed from tertiary amine 
to ammonium salt to amide, the maximum due to the carbonyl group changes from 269 my 
(e 160) to 259 my (e 200) to 313 my (¢ 44). The Table shows that the stretching frequencies 
of the amide- and the ketone-carbonyl groups are also to some extent dependent on the 
nature of the other group in the molecule. Finally, the molecular-rotation difference for 


Stretching frequencies of CO groups (cm. * in CS,). 
Compound Amide Ketone 


Oxodelpheline 1649 
Dehydro-oxodelpheline ........:.csessessrecresvecsccnarensceoneenscersrscerevevees 1656 1760 

Deh ydrodetpheline 1748 
Dehydrodelpheline hydrochloride 1752 (in Nujol) 


oxidation of the secondary hydroxyl group is --120° for delpheline but —470° for oxo- 
delpheline. 

An obvious possibility is that the amino- and the hydroxyl group in delpheline are 
attached to adjacent carbon atoms, This interpretation was supported by the remarkable 
similarity of the ultraviolet spectrum of dehydrodelpheline in acid solution to that of 
piperidinoacetone, which had its maximum at an even shorter wavelength (254 my) in the 
same solvent. The presence of the group, N-eCH-CH(OH), in delpheline might also have 
accounted for its easy oxidation * by silver oxide or mercuric acetate ™ to dehydro- 
delpheline through an intermediate, *NIC-CH(OH). We subsequently found that salts of 
aminocamphor and its derivatives, which with a cyclopentanone ring should be much 
safer models for dehydrodelpheline, did not absorb at an abnormally short wavelength. 
And de-ethyldelpheline, which would be expected to consume periodic acid and lead tetra- 
acetate if it were an a-hydroxy-secondary amine,’ was quite inert to those reagents. More 
decisive evidence against the presence of an a-hydroxy-amine group in delpheline will 
be reported later. 

Since dehydrodelpheline does not absorb radiation in the O-H stretching region the 
two inert oxygen atoms must both be ethereal. Delpheline in acid solution has a very 
low extinction coefficient at 210 mu, and oxodelpheline is inert to ozone at 0° and absorbs 
no perbenzoic acid, so that delpheline is saturated and contains seven rings. 


EXPERIMENTAL 
Unless otherwise noted optical rotations were measured in CHCI,, ultraviolet spectra in 
EtOH, and apparent dissociation constants in aqueous ethanol (1: 1 by volume), 


* The oxidation seems not to be simply a case of steric acceleration,’ since 11f-hydroxy-steroids or 
trimethylsteroids are not oxidised under the same conditions 

1 Cf. Poos, Arth, Beyler, and Borst, J. Amer. Chem. Soc., 1953, 76, 422 

11 Schreiber and Eschenmoser, Helv. Chim. Acta, 1955, 38, 1529 

** Leonard, Hay, Fulmer, and Gash, J. Amer. Chem. Soc., 1956, 77, 439, and references given there 

1’ McCasland and Smith, thid., 19561, 78, 56164, and references given there 
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Extraction of Delphinium Hybrids.—Seeds. Non-viable seed (13 kg.) from Carters Tested 
Seeds Ltd., Raynes Park, labelled ‘‘ Delphinium elatum hybridum, Splendid Mixed,’’ was crushed 
and then percolated with light petrole.m followed by ethanol. The extracts were worked up 
essentialiy as described by Goodson,‘ to yield methyl-lycaconitine hydriodide (135-2 g., 1-04%) 
and delpheline (31-9 g., 025%). In addition, lycoctonine (20-4 g., 0-16%) was isolated by 
hydrolysis with boiling, aqueous-alcoholic alkali of the material in the mother-liquors from 
crystallisation of the methyl-lycaconitine hydriodide, 

A much more convenient method of isolation, that also gave a rather higher yield of alkaloids, 
involved extraction of the whole, uncrushed seeds with dilute acid. The seeds (10 kg.) were 
soaked in 24% acetic acid for 2 days. The liquor was drained from the much swollen seeds, 
neutralised by the addition of solid sodium hydrogen carbonate, and extracted with ether. 
After removal of gelatinous matter suspended in the ether layer by addition of kieselguhr, the 
ether was evaporated and the partly crystalline residue was crystallised from acetone, to yield 
delpheline 

The aqueous layer from the ether-extraction was extracted with ethyl acetate, the mother- 
liquors of acetone from which the delpheline had crystallised were added, and the solvents were 
removed under reduced pressure, The residue was redissolved in ethanol and carefully neutral- 
ised with 40% hydriodic acid. Methyl-lycaconitine hydriodide separated from the solution 
kept at 0° 

The aqueous layer that had been extracted with ethyl acetate was then made strongly alkaline 
with sodium hydroxide and extracted with chloroform to remove the stronger bases. Gelatin- 
ous matter in any of the organic extracts could be coagulated and removed by addition of 
kieselguhr 

The seeds were extracted twice more for periods of 7 days with 24% acetic acid, and the 
liquors were worked up in the same way. The third extraction yielded only negligible amounts 
of alkaloids other than delpheline, so that only the bicarbonate-ether extraction was carried 
out later 

The mother-liquors from all the crystallisations were combined and the ester alkaloids 
presumably present were hydrolysed with boiling aqueous-alcoholic alkali. Lycoctonine and 
more delpheline were isolated from the product. 

The total basic content of the seeds was 219-7 g. (2-2%). The crystalline alkaloids were 
delpheline (20-35 g.), methyl-lycaconitine hydriodide (104-0 g.), and lycoctonine (19-9 g.). 

Young shoots, New shoots from Delphinium plants were gathered in the Spring when they 
were about | ft. high. Extraction of the dried shoots with 24% acetic acid, as for the seeds, 
produced delpheline (044%). The total basic content was 0-86%, but no methyl-lycaconitine 
hydriodide and only a trace of lycoctonine could be isolated. Just under 3 cwt. of shoots 
(weighed before drying) gave 58 g. of delpheline. Extraction of the dried shoots with methanol 
gave a lower yield of delpheline, 

A sample of only stalks and stems contained much less delpheline than the entire shoots 
(016%, of dry weight), The green leaves and stalks of a mature plant collected after flowering 
in late July contained almost no basic material. The only crystalline products isolated were 
mannitol (034%), and a glycoside crystallising from aqueous ethanol in clusters of pale yellow 
needles (0-1%), m. p, 196-—210° (decomp.), [a], +31° (¢ 1-2 in EtOH); the aglycone formed 
yellow crystals, m. p. 310---315° (decomp.), 

The unsaponifiable part of the neutral oil extracted from the seeds with light petroleum 
was chromatographed on alumina, Chloroform~—benzene (1:1 v/v) eluted a crude sitosterol 
(0-47%, of the oil), m. p. 132-——133°, [a], —23°. The acetate after recrystallisation from ethanol 
had m. p, 124-125”, undepressed by a genuine sample of 6-sitostery! acetate 

Delpheline.—After several recrystallisations from aqueous ethanol or acetone delpheline 
had m. p, 216—219°, undepressed by a sample from Goodson's collection kindly given by 
Mr. T. M. Sharp, [a], —27° or 26° (in EtOH), 4,,,, (apparent) 212-5 my (e 1600 in ethanol, 
e¢ 70 in dilute HCl), pX’ 7-6 (Found: C, 6645; H, 85; C-Me, 5-1, Calc. for C,,H,,O,N : 
C, 66:8; H, 87; 2C-Me, 67%). 

Dilution, with ethyl acetate, of a solution of delpheline neutralised with hydriodic 
acid in methanol caused separation of delpheline Aydriodide, m. p. 213--214° (decomp.; after 
sintering at 210°), when recrystallised from methanol-ethyl acetate (Found: C, 51-9; H, 7-0. 
CysHyO,N, HI requires C, 52-0; H, 68%). 

Acetyldelpheline.—Delpheline was boiled with acetyl chloride for 1-5 hr. Isolation with 
chloroform and several recrystallisations from aqueous ethanol or light petroleum afforded 
acetyldelpheline, m. p. 122—-123°, [a], —32°, pK’ 6-9 (Found: C, 66-1; H, 8-3. Calc. for 
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C4,H,,0,N : C, 66-0; H, 84%). The acetate was stable at 200°, failing to undergo the “ pyro” 
reaction of aconitine and delphinine.™ 

Delpheline was unchanged by two days’ treatment with a large excess of methyl iodide in 
nitromethane in presence of sodium hydrogen carbonate at 100°, or by 8 hours’ boiling with 
cyanogen bromide in benzene. 

Titrations with Perbenzoic Acid.—The substance (about 25 mg.) and perbenzoic acid (about 
3-5 atom equiv. of O) in chloroform (10 ml.) were kept at 0°. The consumption of per-acid, 
compared with an appropriate blank solution, was as follows (time in days-uptake in atoms 
of O): delpheline 1—2-98, 1-5-3-13, 2-3-26; acetyldelpheline 1-0-98, 8-1-05; dehydrodelpheline 
1-3-08; oxodelpheline 2—0-00, 4-0-09, 8-0-13. 

Acetyldelpheline (46 mg.) in chloroform (5 ml.) containing perbenzoic acid (1 atom equiv. 
of O) was left at 0° for 18 hr. The resulting acetyldelpheline N-oxide (20 mg.), crystallised from 
acetone-ether, had m,. p. 220—225° after sintering at 216°, [a|, —53° (in EtOH) (Found: 
C, 59-5; H, 84. C,,H,,O,N,2H,O requires C, 59-6; H, 83%). 

De-ethyl-N-nitrosodelpheline,—Sodium nitrite in water (2 ml, of 60% solution) was added to 
a solution of delpheline (200 mg.) in acetic acid (2 ml.) and water (6 ml.), and the mixture was 
left at room temperature overnight. The basic part of the product consisted of unchanged 
delpheline (140 mg.). The neutral part was eluted from active alumina with benzene-ethyl 
acetate (1:1) to give de-ethyl-N-nitrosodelpheline (28 mg.) as needles from ether—acetone or 
ethyl acetate-cyclohexane, m. p. 253--254°, [a], —137°, 2... 238-239 my (e 8200) and 353-— 
354 mu (¢ 100) (Found: C, 61-4; H, 7-4; N, 5-9. C,y,H,,O,N, requires C, 61-3; H, 7-6; 
N, 62%). 

The yield was hardly affected by variation in reaction time from 4 to 48 hr, or by 
the proportion or mode of addition of the reagents. Gradual addition of the nitrite to the 
delpheline solution at 90° almost doubled the yield, but then very little delpheline could be 
recovered. 

N-A minode-ethyldelpheline.—De-ethyl-N-nitrosodelpheline (250 mg.) in dioxan (4 ml.) 
and ether (20 ml.) was added to lithium (200 mg.) in ammonia (30 ml.). Three hours later the 
lithium was destroyed by ethanol. The product, isolated with chloroform, was split into a 
neutral fraction of unchanged nitroso-compound (90 mg.) and a basic fraction of N-aminode- 
ethyldelpheline (150 mg.), which crystallised from ether. After recrystallisation from 
chloroform-—ether it had m. p. 203-—204°, [a], —34° (Found: C, 634; H, 85; N, 63, 
CysHygO,N, requires C, 63-3; H, 8-3; N, 64%). 

The reduction could be carried out also with sodium and ethanol or with lithium aluminium 
hydride in ether—dioxan (3 hours’ boiling) but with recovery of a larger proportion of unchanged 
nitroso-compound, 

De-ethyldelpheline._-N-Aminode-ethyldelpheline (56 mg.) and a large excess of zinc wool 
in ethanol (3 ml.), water (17 ml.), and concentrated hydrochloric acid (5 ml.) remained at room 
temperature overnight. The basic product (56 mg.), isolated with chloroform, was soluble 
in the whole range of solvents from water to light petroleum. Slow crystallisation from a small 
volume of ether produced cube-like crystals of de-thyldelpheline, m. p. 87-——89°, [a]p — 16° 
(Found : C, 65-3; H, 8-2, C,,H,,0,N requires C, 65:5; H, 84%). 

N-Aminode-ethyldelpheline (100 mg.) in acetic acid (10 ml.) containing perchloric acid 
(3 drops) was shaken with Adams’s catalyst (70 mg.) under hydrogen for 5 hr, A solution of 
the basic product (73 mg.) in acetic anhydride (5 ml.) was left at room temperature overnight, 
The resulting N-acetylde-ethyldelpheline (70 mg.) melted at 233-—234° after crystallisation from 
ethyl acetate-cyclohexane, and had [a}, —53°, v,,,, 1628 cm.? (in CHCI,) (Found; C, 64-8; 
H, 8-2; N, 3-2. C,,H,,O,N requires C, 64-8; H, 8-05; N, 3.0%) 

Reduction of N-Acetylde-ethyldelpheline.-A solution of the amide (48 mg.) and lithium 
aluminium hydride (500 mg.) in ether (35 ml.) and dioxan (5 ml.) was boiled for a day. The 
basic fraction recrystallised from acetone had [a], —25°, m. p, 203-—-208°, undepressed by an 
authentic sample of delpheline (yield 28 mg.). 

Oxidation of Delpheline with Mercuric Acetate.-Delpheline (1-0 g.) and mercuric acetate 
(5-0 g.) in water (20 ml.) and acetic acid (0-5 ml.) were heated on a steam-bath. Mercurous 
acetate rapidly separated. After an hour the mixture was cooled and the filtrate was made 
alkaline with ammonia, Extraction with chloroform afforded a gum which was chromato- 
graphed on alumina. 


4 Reviewed by Stern, ‘ The Alkaloids,’’ Ed. Manske and Holmes, Academic Press Inc., New York, 
1954, Vol. IV, p. 275. 
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Benzene-ethyl acetate (9 : 1) removed dehydrodelpheline (402 mg.), crystallising from aqueous 
ethanol in blades, m. p. 140°, {a)) —72° or —55° (in EtOH), d,,, 269 my (e 170) or 260 mu 
(e 200, in dilute HCl), pK’ 6-5 (Found: C, 67-3; H, 8&2; N, 3-1. C,,H,,O,N requires C, 67-1; 
H, 83; N, 3-1%). 

A solution of dehydrodelpheline in ethyl acetate treated with hydrogen chloride deposited 
prisms of the hydrochloride, m. p. 179--182° (Found: C, 62-9; H, 81. C,sH,,0O,N,HCI 
requires C, 62-0; H, 79%). 

Ethyl! acetate eluted from the alumina column a-hydroxydelpheline (339 mg.), m. p. 92— 
107° after crystallisation from water, {a}, -—18-5° (Found, air-dried: C, 62-5; H, 8-45. 
CasHO,N,H,O requires C, 62:1; H, 855%. Loss in weight on drying at 100° in vacuo, 
36. 1LH,O requires 3-7%). 

Oxidation of a-Hydroxydelpheline.—-a-Hydroxydelpheline (46 mg.) in acetone (6 ml.) and 
acetic acid (3 drops) was treated with potassium permanganate (10-5 mg.) at room temperature. 
The neutral product was N-acetylde-ethyldelpheline (19 mg.), m. p. and mixed m. p, 213-—-217°, 
la\y — 56° 

Hydrolysis of a-Hydroxydelpheline.—A solution of a-hydroxydelpheline (70 mg.) in methanol- 
ethy! acetate (1: 3) was made just acid with hydrochloric acid. A week later the free base was 
crystallised from ether, to give de-ethyldelpheline (20 mg.), m. p. and mixed m. p, 85---89°. 

Oxidation of Delpheline with Potassium Permanganate.Delpheline (3-0 g.) in acetone 
(300 ml.) and acetic acid (4 ml.) was treated gradually with powdered potassium permanganate 
(2-0 g.) during 20 min. An hour later the mixture was diluted with water (300 ml.) and decolor 
ised with sulphur dioxide. On evaporation under reduced pressure to about 100 ml. cube-like 
crystals of oxodelpheline (1-63 g.), m. p. 202-—-205°, were obtained. More (0-24 g.) was got by 
acidifying the mother-liquors, extracting them with chloroform, and crystallising the product 
from aqueous ethanol, Recrystallised several times from aqueous ethanol oxodelpheline had 
m. p. 204-——208°, a), —26-5° or — 29° (in EtOH) (Found: C, 63-3, 63-2; H, 8-1, 8-2; N, 3-3, 
31; C-Me, 435. Cy ,H,,O,N,4H,O requires C, 63-5; H, 81; N, 3-0; 2C-Me, 635%). 

in routine preparations the total neutral product was eluted from active alumina with 
benzene-ethyl acetate (1; 1). Oxodelpheline, m. p. 200--205°, crystallised in 70% yield on 
removal of the solvent, and was used for further experiments after being washed with ether. 

In Nujol suspension oxodelpheline had bands at 3500 and 3420 and at 1658 and 1628 cm. 
which might have been due to a secondary amide. However, a saturated solution in CS, 
(about 0-1%) had bands only at 3500 and at 1648 cm."', so that the splitting observed in Nujol 
must have been caused by intermolecular hydrogen bonds in the crystal. 

Oxidation of Delpheline with Silver Oxide.Delpheline (3-9 g.) and neutral silver oxide 
(from 20 g. of silver nitrate) in ethanol (200 ml.) and water (50 ml.) were boiled for 7 hr. The 
product was divided into basic (3-46 g.) and neutral (0-66 g.) fractions, which were separately 
chromatographed on alumina, The basic part consisted of dehydrodelpheline, m. p. 137—-138° 
(from aqueous ethanol). From the neutral fraction 3% ethyl acetate in benzene eluted dehydro 
oxodelpheline which, recrystallised from aqueous ethanol, had m. p. 113-—116° (hydrated) and 
186 189° (anhydrous), {a}, ~— 129° or — 120° (in EtOH), 2,,,, 313 my (e 44) (Found, anhydrous : 
C, 64-6; H, 7-7; N, 28. C,,H,,O,N requires C, 65-05; H, 7-6; N, 30%). 

Oxodelpheline was recovered unchanged from treatment with silver oxide in the same way. 

Oxidation of Delpheline with Chromic Oxide in Pyridine.--A mixture of delpheline (533 mg.) 
and chromic oxide (500 mg.) in pyridine (10 ml.) that had been left at room temperature over 
night was diluted with water and treated with sulphur dioxide. The neutral product (530 mg.) 
was chromatographed on alumina. Benzene—ethyl acetate (1: 1) eluted oxodelpheline, m. p. 
205-—209°, not depressed by a sample made with permanganate. 

Delpheline (229 mg.), oxidised with chromic oxide (607 mg.) in pyridine (7 ml.) as before, 
gave a gum (130 mg.) that crystallised from aqueous ethanol as dehydro-oxodelpheline, m. p. 
and mixed m. p. 115-—~117° and 184—-186°, [a], — 114° (in EtOH). 

Identical dehydro-oxodelpheline (100 mg.) was also made by addition of potassium perman 
ganate (160 mg.) to dehydrodelpheline (160 mg.) in acetone (100 ml.) and acetic acid (0-5 ml.) ; 
or by oxidation of oxodelpheline with an equal weight of chromic oxide in pyridine. 

Oxidation of Delpheline with Chromic Acid in Acetic Acid.-Delpheline (209 mg.) in acetic 
acid (1 ml.) was treated with chromic oxide (34 mg.) in water (3 drops) and acetic acid (2 ml.) 
After three days the solution was diluted with water and extracted five times with chloroform, 
which was then washed with dilute ammonia to remove acetic acid. The involatile part of the 
extract crystallised from aqueous ethanol as prisms of the weak base, dehydrodelpheline (59 mg.), 
m. p. and mixed m. p. 137—139°, 
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The aqueous layer was made alkaline with ammonia and extracted with chloroform, to give 
back delpheline (123 mg.). 

Oxidation of Delpheline with N-Bromosuccinimide.—Delpheline (2-0 g.) and N-bromosuccin- 
imide (0-91 g.) in dioxan (40 ml.), water (20 ml.), and acetic acid (4 ml.) were allowed to react at 
room temperature overnight. When the solution was made alkaline with ammonia and the 
flask scratched, dehydrodelpheline (0-88 g.) crystallised (m. p. 130-—-133°), Chromatography 
on alumina of the base in the mother-liquor gave, on elution with 3% ethyl acetate in benzene, 
more dehydrodelpheline (0-505 g.). The combined fractions, when recrystallised from aqueous 
alcohol, had m. p, and mixed m. p. 139-——140°. 

Elution of the column with ethyl] acetate gave delpheline (0-36 g.). 

Reduction of Dehydrodelpheline.—Dehydrodelpheline (105 mg.) in dioxan (5 ml.) and ether 
(25 ml.) was added to lithium (54 mg.) in ammonia (25 ml.)._ Fifteen minutes later ammonium 
chloride was added and the product was isolated with ether. Delpheline (98 mg.), crystallised 
from chloroform-ether, had m. p. and mixed m. p. 203-—-210°. 

Delpheline (m. p. 215—-218°) was produced also by reduction with sodium in boiling 
propan-l-ol, and with lithium aluminium hydride (6 hours’ boiling in ether). 

Reduction of Oxodelpheline--Oxodelpheline (995 mg.), boiled for 4 days with lithium 
aluminium hydride (2-0 g.) in ether (50 ml.), afforded delpheline (593 mg.), m. p. and mixed 
m. p. 217--219° after crystallisation from aqueous ethanol 

Dehydro-oxodelpheline was reduced to delpheline in the same way. 


Some of the earlier experiments were done by the late Mr. A. Busby in 1952. Dr. B., J. 
Langdon very kindly arranged the collection and despatch of a generous supply of Delphinium 
shoots from the nurseries of Messrs. Blackmore and Langdon, Bath. We are also grateful to 
the Central Research Fund for a grant for the purchase of De/phinium seed, and to Professor 
D. H. R. Barton, F.R.S., for his valuable advice and encouragement 
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531. The Heats of Combustion of Quinol and p-Benzoquinone and the 
Thermodynamic Quantities of the Oxidation-Reduction Reaction. 


By G. Pitcner and L. E. Sutton. 


The heats of combustion at 25° and 1 atmosphere’s pressure of p- benzoquinone 
and quinol have been found to be 656-29 + 0-10 and 681-75 + 0-21 keal,/mole, 
respectively ; values for the corresponding heats of formation, 44-65 -| 0-17 and 
87-51 +. 0-28 kcal. /mole, respectively, have been derived. By making use of 
available specific-heat data, the free-energy change at constant pressure for 
the reduction of solid p-benzoquinone to quinol has been calculated to be 
31-83 keal./mole, compared with 31-43 obtained directly from redox-potential 
measurements. The corresponding thermodynamic quantities have been 
calculated for this reaction in solution and in the gaseous states. The heat- 
content changes are best derived from thermochemical measurements and the 
free-energy changes from electrochemical measurements. 


Tue reversible oxidation-reduction conversions of quinols into quinones are of great 
interest because the free-energy changes can be derived from measurements of the redox 
potentials. These have been made for a wide variety of quinone systems, mainly by 
Fieser and his co-workers. ! 

The free-energy change of a reaction at constant pressure is related to the heat content 
and entropy changes by AG = AH — TAS. AG is related to the redox potential E° by the 
relation AG = 2FE° (F = 23068-1 cal./int.v/equiv.).2 Values for AH and AS can be 
derived from the variation of AG with temperature. This has been done in several cases 


' Cf. Evans and de Heer, Quart. Rev., 1950, 4, 04 
* “ Selected Values of Thermodynamic Properties,’’ Nat. Bur. Stand. Circe. 500, 1952 
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by Conant and Fieser,.* but the values of AH so obtained are not accurate because the 
temperature range over which observations can be made is small. AH can also be obtained 
from the heats of formation of quinols and quinones; a series of such measurements was 
made by Valeur ® but the results were of low precision. 

It was deemed useful to examine critically the thermodynamic quantites for the 
p-benzoquinone-quinol system by making high-precision measurements of the heats of 
combustion. Such measurements were made by Schreiner® in 1925, and by Parks, 
Manchester, and Vaughan 7 in 1954 concurrently with and independently of the present 
work. The variations of specific heat with temperature for these compounds were reported 
by Lange ® so an independent determination of AS is possible. These thermochemical 
results can be compared with the electrochemical ones, and a more accurate thermo- 
dynamic description of the reaction can then be made, so providing a more reliable basis 
for theoretical discussion. 


EXPERIMENTAL 


The high-precision aneroid calorimeter described by Pilcher and Sutton * was used. The 
technique and conditions were in general exactly as those given by them,* a ‘ main-period ”’ 
of 60 min. being used, 

All combustions were done under 30 atm. pressure of oxygen and the air in the bomb was 
first swept out by twice filling to 15 atm. Water (1 ml.) was placed in the bomb, and a platinum 
covering shield was placed over the crucible to assist complete combustion. The substance, 
in pellet form, was weighed to about 5 x 10% g. The determination of the auxiliary energy 
quantities was made as before, viz., those due to (i) ignition, (ii) nitric acid formation, and 
(iii) carbon residue formation, Analysis of the bomb gases for carbon dioxide was not attempted. 
We thought it better to test for carbon monoxide. This was done by Winkler’s method ¥ 
and, if the test was positive, the combustion value was rejected. All the weights of substances 
examined were corrected ad vacuo, The energy quantities are given in thermochemically 
defined calories,* and all errors quoted were calculated by Kossini’s * method. 

The apparatus was calibrated by benzoic acid combustions (B.D.H. Thermochemical 
Standard), and the calibration constant derived from an assumed value for its isothermal 
heat of combustion at 25° of 26,429-4 + 2-6 int. 4s/g.(vac.) 6317-84 cal./g.(vac.),™ 
corrected for non-standard conditions as recommended by Jessup and Green. The non- 
isothermal heat of combustion, where the temperature changes from 23-455° to 26-244°, was 
calculated by subtracting the isothermal correction.“ The heat of combustion of benzoic 
acid under these conditions is 6317-10 cal./g.(vac.). 

Fourteen calibrations were done as described in reference 9, and the result, expressed as 
calories divided by the corrected temperature rise in ohms, was K = 8626-59 + 0-59 (4-0-007%). 
The standard deviation for a single experiment was 0-012%. The conditions were also varied 
to show that this calibration constant is applicable within the limits in which it is employed. 

The results are given as the isothermal values at 25° and the Washburn corrections were 
applied, his notation “ being used, 

Quinol.—The first sample (I) was obtained by crystallising quinol (B.D.H. Laboratory 
Reagent) four times from ethanol, drying it in vacuo and heating it in air to 130° for 90 min. 
Sample II was obtained by crystallising quinol twice from ethanol and then once from distilled 
water in absence of air. It was dried as was sample I. The densities were checked to show 
that the modification used was a-quinol (d, 1-33 g./c.c.). 

The results are shown in Table 1, The total heat quantity was obtained by multiplying 
the corrected temperature rise by the calibration constant K, 


* Conant and Fieser, ]. Amer. Chem. Soc., 1922, 44, 2480. 
Idem, ibid,, 1923, 45, 2104 
Valeur, Ann. Chim, Phys., 1900, 21, 470. 
Schreiner, Z. phys. Chem., 1925, 117, 57 
’ Parks, Manchester, and Vaughan, /. Chem. Phys., 1954, 22, 2089. 
Lange, Z. phys. Chem., 1924, 110, 351. 
Pilcher and Sutton, PAil. Trans., 1955, A, 248, 23. 
Winkler, Z. analyt, Chem., 1935, 102, 99 
Rossini, Chem. Rev., 1936, 18, 233 
Jessup, /. Res. Nat. Bur. Stand., 1946, 36, 421. 
Jessup and Green, ibid., 1934, 18, 469 
Washburn, thid., 1933, 10, 525. 
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TABLE I, 
Molecular weight (C,H,O,) = 110-108. Isothermal correction = 0-31 cal. 
Total heat Total ignition AU, Deviation 
Weight quantity energy ce HNO, t (isothermal) from mean 
Sample [{g.(vac.)]} (cal.) (cal.) (cal.) (cal.) (kcal. /mole) ~AUy, 
0508805 3164-25 13-24 1-23 0-80 682-06 0-00 
0-610026 3170-58 12-98 1-75 0-65 681-99 0-06 
0-510321 3174-43 13-07 0-68 1-02 682-10 0-05 
Mean 682-05 
0510523 3173-08 12-96 1-39 0-80 681-76 0-10 
0-508940 3164-75 13-33 0-09 0-65 681-04 0-08 
0508657 3161-76 13-05 1-62 0-58 681-89 0-03 
Mean 681-86 


* Energy correction due to carbon residue formation. 
+ Energy correction due to nitric acid formation, taken to be 13-97 kcal. /mole, at constant volume 
and 25° (Becker and Koth *), 


For the sample crystallised from ethanol, the result is, 
—AU, = 682-05 +. 0-06 kcal. /mole (-+.0-009%) 
and for the sample crystallised from water, 
—AU, = 681-86 + 0-11 kcal./mole (40-016%) 


The difference, 0-028%,, is probably due to retention of solvent. For equimolecular amounts 
retained, water would decrease the value more than ethanol would increase it, so the true 
result is probably nearer the higher value, We shall, however, take the mean value and increase 
the error accordingly, i.¢., 


—AU, = 681-96 + 0-19 kcal./mole (-+.0-028%) 
and by applying the Washburn corrections : 
~—AU, = 681-45 + 0-21 kcal/mole (-+4+0-03%) 
and —AH,°, the heat of combustion at constant pressure under the standard conditions, is 
—~AH,° = 681-75 + 0-21 kcal./mole 


The errors quoted for the —AU, values are the precision errors of the measurements; those 
for —AU, and —AH,° include the precision errors of the calibration and the uncertainty in 
the value for benzoic acid. 

p-Benzoquinone.—Benzoquinone (B.D.H, Technical Grade) was crystallised from light 
petroleum (b. p. 60—80°) (charcoal) and then sublimed in air, Three samples were examined, 
Sample I was this material crystallised from light petroleum (b. p. 60—80°) (which had been 
shaken with concentrated sulphuric acid to remove unsaturated substances) and then resublimed 
in air. Sample I was resublimed to give sample II, Sample II] was the starting material for 
sample I resublimed, The combustion results for these samples agree to within experimental 
error. As benzoquinone slowly decomposes, all samples were prepared not more than 12 hr, 
before combustion and kept away from light. 

The loss of weight due to evaporation in transferring the pellet to the bomb was found to be 
negligible. As a small amount of benzoquinone evaporated into the bomb space before the 
ignition, the chance of obtaining complete combustion was enhanced by increasing the flame 
volume by not placing the platinum cover over the crucible; the cover was, however, placed 
in the bomb. Because of the high volatility of this compound, the air initially in the bomb was 
not swept out with oxygen, and consequently the nitric acid correction was greatly increased, 
There were no signs of incomplete combustion as shown by the carbon monoxide test. Further- 
more the exit gases from the bomb were passed through concentrated sodium hydroxide solution 
and no colour was produced, The combustion results are given in Table 2, Previous values 
are collected in Table 3. 


4% Becker and Roth, Z. Elektrochem., 1934, 40, 836. 
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TABLE 2. 
Molecular weight (C,H,O,4) ~ 108-092. Isothermal correction = 0-29 cal. 
Total heat Total ignition AU, Deviation 
Wt. quantity energy Cc HNO, (isothermal) from mean 
Sample g.(vac.)) (cal,) (cal.) (cal.) (cal.) (kcal, /mole) —~AUy 
J O-b14241 3142-45 13-73 0-95 4-86 656-89 0-05 
I 0519364 3172-53 13-73 1-20 4-71 656-75 0-09 
iI 0520628 3179-92 13-10 1-32 4-79 656-83 0-01 
Il 0-520470 3179-15 12-59 1-00 4-56 656-89 0-05 
Mean 656-84 
AUy = 656-84 4. 0-06 kcal. /mole (4. 0-0009%) 
AU, 656-29 + 0-10 keal./mole (4 0-015%) 
~AHy® = 656-29 4+ 0-10 keal./mole ( rn 0-015%) 


TABLE 3. Comparison with previous measurements. 
Quinol p-Benzoquinone 
- — ’ . & mae 
AH,” OH,” 
Authors 2 (kcal, /mole) Authors Year (kcal./mole) 
Stohmann, Kodatz, and Berthelot and Recoura’ ... 1888 
Herzberg * 670-1 Berthelot and Louguinine’ 1888 
Berthelot and Louguinine * 685-9 +. 3 Valeur 4 
Stohmann and Langbein ‘... 6833 + 1 Schreiner * 656-6 4 0-2 
Valeur* . 683-7 + 1 Parks, Manchester, 
Schreiner * * 25 682-3 +4 0-2 Vaughan ’ ¢ 656-84 4 0-28 
Parks, Manchester, This work 656-29 + 0-10 
Vaughan’ f ! 682-51 + 0-28 
This work 681-75 4. 0-21 

* Schreiner reported measurements on sublimed quinol which contains a third modification, 
y-quinol, about which little is known, 

t Although the difference between the values obtained for the individual substances by Parks 
et al’ and by the present authors is disconcertingly large, the — benzoquinone differences obtained 
by both sets of authors are in satisfactory agreement, being 25-67 (Parks, Manchester, and Vaughan) 
and 25-46 (this work). 

« |. prakt. Chem., 1886, 33, 467. *& Ann. Chim. Phys., 1888, 18, 321. * J. prakt. Chem., 1892, 
45, 305. ¢ Valeur, ref. 5, corrected by Swietoslawski and Starczeska, /. Chim. phys., 1925, 22, 399 
* Ann. Chim. Phys., 1888, 18, 298. 


DISCUSSION 


The reduction of benzoquinone (Q) to quinol (QH,) can in principle be carried out with 
both species in the solid, solution, or gaseous state. The thermodynamic functions for 
these will be distinguished by superscripts, ¢.¢., G®, Ge, G® respectively. 

(a) The Oxidation—Reduction Reaction in the Solid State.—AH© is equal to the difference 
in heats of formation of benzoquinone and quinol referred to the standard states. These are 
calculated from the heats of combustion (this work) and the heats of formation of the 
products at 25°, the values —AH,’ (CO,) = 94-0518 +4 0-0108 and —AH,° (H,O liq.) = 
68-3174 4 0-0006 kcal./mole. being used." The appropriate values at 25° are : 


MH (QO) = 4465 4.017; —4H/? (QH,) = 87-51 4 0-28; 
-AH® = 42-86 4- 0-25 keal./mole 


The error in the last is the sum of the precision errors for the measurements of the heats of 
combustion of benzoquinone, quinol, and hydrogen, the uncertainty in the calibration 
being excluded, 

AS® is calculated from the difference in 


‘ absolute '’ entropy values (S°) at 25°. The 
specific heats of benzoquinone and quinol were measured from ca. 20° kK to ca. 290° K by 
Lange.* Andrews '? measured that of quinol between 110° k and 340° k. There is a 
slight difference between the results of the two workers, but Lange’s results alone have 
been used because a difference in S° values is required. The entropies were computed by 


‘© Wagman, Kilpatrick, Taylor, Pitzer, and Rossini, J]. Kes. Nat. Bur. Stand., 1945, 84, 143 
'T Andrews, /. Amer. Chem. Soc,, 1026, 48, 1293. 
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the usual method,!* it being assumed that there were no anomalies in the specific heat. 
The required entropy values are ; 


S° (Q) = 38:55; S° (QH,) = 32-77; S° (H,) = 31-21 cal. /deg./mole 


the value for hydrogen being taken from ref. 2. Consequently, —AS® — 37-99 cal. /deg./ 
mole and hence at 25° —AG® = 31-83 kcal./mole. This corresponds to a redox potential 
of 0-690 v ; the measured value,‘ 0-681 +. 0-001 v, corresponds to —AG® = 31-43 keal./mole. 
The variation of E°® with temperature from 0° to 25° c was also examined by Conant and 
Fieser * and —AH® found to be 41-3 kcal./mole (our value 42-86). The agreement between 
the —AG® values from the two methods is good; but it is poorer for the —AH™, and 
because Conant and Fieser state that the variations of E°® with temperature may be in 
error up to 13%, the thermochemical value of — AH is preferred. It appears, however, 
that the electrochemical value for —AG® is the more accurate one because the specific 
heats given by Lange show considerable scatter from the smooth curve and there is 
remarkable agreement between the measurements of Conant and Fieser and those of other 
workers (see ref, 3). 

Thermochemical and electrochemical measurements are thus complementary and 
AS is better determined from them than from the specific-heat data at present available. 

(b) The Oxidation—Reduction Reaction in Solution.—If{ it be assumed that benzo- 
quinone and quinol behave as ideal solutes, E°¢* is related to E°® by: E°C) <= E°O — 
RT Ce 

ln —~ 
2F ( qu, 
quinol in their respective saturated solutions. ‘The solubilities were measured by Granger 
and Nelson. The values of E° calculated from E°™ and the solubility data, compared 
with the measured values shown in parentheses are: in 0-1N-hydrochloric acid 0-702 v 
(0-699 Vv); in N-hydrochloric acid 0-698 v (0-696 v). 

The heats of solution in water of benzoquinone and quinol were measured by Berthelot 
and Werner *° as 3-99 and 4-40 respectively and by Schreiner * as 4°69 and 4-48 kcal./mole 
respectively. The value of 4-45 kceal./mole for quinol was obtained by Kolossowsky and 
Kraef.*" Schreiner’s values are preferred because directly comparative measurements 
were made. He also showed that the heats of solution of benzoquinone and quinol in 
dilute hydrochloric acid solution are not significantly different from these values; whence 
from —AH® (thermochemical), — SH» < 43-07 kcal./mole. The electrochemical value 
obtained * from measurements of E°@ at several temperatures, in dilute hydrochloric 
acid solution, is 42-50 keal./moie. AS is determined from AG (electrochemical) and 
AH» (thermochemical). 

(c) The Oxidation-Reduction Reaction in the Gaseous State.-If it be assumed that the 
vapours of benzoquinone and quinol behave as ideal gases at 25°, £°® is related to E°™ by : 

po “ 
EO = EO —~ -d In pt where Py and Poy, are the vapour pressures at 25° (see Conant **). 
~ Qu 
E°® has not been measured directly. 

There are several reported values for the vapour pressures and heats of vaporisation 
of benzoquinone and quinol. Those of Coolidge and Coolidge ™ are without clear signi- 
ficance because the plots of log P against 1/7 are not linear. Wolf and Treschmann ™ 
give AH* (OH,) = 23-7 + 0-4 kcal./mole but give no experimental details. The most 
reliable determination appears to be that due to Nitta et al.** who obtained at 25°; benzo- 
quinone, AH* 16°38 kcal./mole, AS’ = 38-1 cal./deg./mole: quinol, AH” = 21-54 
keal./mole, ASY = 38-0 cal./deg./mole. The values of P. and Poy, thence calculated for 


(ref. 3) where Cy and Coy," are the concentrations of benzoquinone and 


1* Lewis and Randall, ‘‘ Thermodynamics,”” McGraw-Hill, New York, 1923 
Granger and Nelson, ]. Amer. Chem. Soc., 1921, 43, 1401 

Berthelot and Werner, Ann. Chim. Phys., 1886, 7, 103 
*! Kolossowsky and Kraef, /. Chim. phys., 1925, 22, 04 

Conant, |. Amer. Chem. Soc., 1927, 49, 293. 

Coolidge and Coolidge, J. Amer. Chem, Soc., 1927, 48, 100 

Wolf and Trieschmann, Z. phys. Chem., 1934, B, 27, 376 

Nitta, Seki, Chihara, and Suzuki, Sei. Reports Osaka Univ., 1951, No. 29 
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25° being used, with Conant and Fieser’s * for E°@, then E°@ = 0-570 v and —AG® = 
26°30 kcal./mole. -AH® is calculated from ~—AH® and the difference in heats of 
vaporisation to be 37-70 keal,/mole, AS® is obtained from — AG and —AH®, 

The values thus calculated of the thermodynamic quantities describing this reaction 
in the various states are as follows : 


~ AH (kcal. /mole) —AG (kcal. /mole) AS (cal. /deg./mole) 
42-56 4. 0-25 31-43 +. 0-05 37-0 4+. 10 
Solution : 42-45 + 0-50 32-25 + 0-05 34-2 4 12 
42-45 + 0-50 $211 + 0-05 34-7 + 12 
Gas os00+. 37°70 26-30 38-2 


It is not possible to assess the errors for the quantities relating to the gaseous state with any 
certainty 


Theoretical Discussion.-The first important theoretical suggestion concerning these 
reactions, made by Branch and Calvin,** was that the “ driving force’ was due to the 
gain in resonance energy of the quinol over the benzoquinone. This is the basis of further 
theoretical calculations by Evans,*” Diatkina and Syrkin,** and Evans, Gergely, and 
de Heer,™ which have been reviewed by Evans and de Heer.! 

These theoretical calculations purport to give the difference in energy of the corre- 
sponding quinols and quinones as isolated molecules. The results should be compared 
therefore with values of —AU® or, since AU and AH® differ by a constant amount for 
all such pairs, —AH®, These thermodynamic quantities are not known with much 
accuracy save for the p-benzoquinone-—quinol system. 

What has in fact been done is to compare either a theoretical or an empirical resonance 
energy difference (for the latter see Berliner ®) with the free energy —AG®» obtained 
from the redox potentials. Approximate linear relationships have been found although 
the significance thereof is not clear, as branch and Calvin clearly stated. The free-energy 
change in the gas phase is related to that in solution as follows : 


AG@ AG® }- AGon oor'™) ow AG girolvation) 
[AH® t AH oy oor 2 AH ,otvetion)) As T[AS® 4 AS gy oatvationy = AS qisolvationy) 


The AH“) values, which are each the algebraic sum of the heats of vaporisation 
and of solution of the solid, are themselves of the same order of magnitude as AH®, 
Furthermore it is hardly to be expected that the entropy terms remain constant throughout 
the complete series. For these reasons, the existence of a linear relation between AG» 
and the estimated resonance energy which should be related to AH®, is surprising. 
Conant™ found that the values of AG® for p-benzoquinones were an irregular function 
of the degree of substitution by chlorine, whereas the AG® values were regular. 

It appears, therefore, that for the better understanding of the factors determining 
the free-energy changes in this series, improvements in the calculation of resonance-energy 
changes are at present less necessary than are accurate thermochemical measurements. 
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532. Butadienes and Related Compounds. Part III.* Further Study 
of the Factors bearing on the Formation of 1: 1:4: 4-Tetra-arylbuta- 
1 : 3-dienes. 
By Wapte Tapros, ALFy BApIE SAKLA, and Yousser AKHOOKH. 


The butadiene is formed from di-p-alkoxyphenylvinyl bromide (1) when its 
solution in acetic acid is exposed to direct sunlight in atmosphere of nitrogen 
or carbon dioxide, (2) when its solution in acetic saturated with hydrogen 
chloride, in this case di-p-alkoxyphenylviny! chloride being also obtained, 
or (3) in presence of anthrone. The di-p-alkoxyphenylvinyl halide undergoes 
the reaction in the solid state in presence of gaseous hydrogen bromide, The 
influence of substituents, temperature, etc., previously reported is confirmed. 
p-Ethylthio-, p-methyl-, p-chloro-, and p-bromo-phenylbutadiene are 
obtained by thermal decomposition of the corresponding vinyl! bromides. 
Structures are confirmed by ozonolysis 

When exposed to direct sunlight in solution in acetic acid or carbon tetra- 
chloride, di-p-chloro- or di-p-bromo-phenylviny! bromide is oxidised to the 
corresponding benzophenone. 


TuIs paper presents a further study of the factors bearing on the formation of 1: 1: 4: 4 
tetra-arylbuta-I : 3-dienes in an attempt to throw light on the mechanism of their formation. 
It was reported * that when a solution of 2 : 2-di-p-methoxy- or 2 : 2-di-p-ethoxy-phenyl- 
vinyl bromide in acetic acid was left in the dark for 18 months the compound was recovered 
unchanged, 1; 1: 4: 4-Tetra-p-methoxy- or -ethoxy-phenylbuta-1 ; 3-diene was, however, 
readily formed together with brown dealkylation products when a solution of the vinyl 
bromide in acetic was exposed to direct sunlight in an atmosphere of nitrogen or carbon 
dioxide, apparently according to the scheme : 


2Ar,C:CHBr —— 2Br* + 2Ar,C:CH: & [Ar,C:CH’], 


It was also shown ! that refluxing a solution of the di-f-alkoxyarylvinyl bromide in acetic 
acid saturated with hydrogen bromide gave the butadiene. The reaction took place 
also (1) at room temperature but more slowly, (2) when hydrogen bromide was replaced 
by hydrogen chloride (di-p-alkoxyphenylviny! chloride being also formed), and (3) when 
the solid vinyl chloride or bromide was left in a vessel filled with gaseous hydrogen bromide ; 
the reaction did not, however, proceed when dry gaseous hydrogen bromide was used. 
It was noteworthy that the di-p-alkoxyarylviny! chloride gave the butadiene readily when 
the acetic acid solvent was saturated with hydrogen bromide and not hydrogen chloride. 
The mechanism of addition and the réle played by the halogen acids in this type of reaction 
will be discussed in a later communication. 

The butadiene was also formed when the vinyl bromide was heated with anthrone 
alone or in solution in acetic acid, 9-bromoanthrone and 9: 9-dianthronyl being also 
obtained; comment on this finding is postponed. 

The effect of different para-substituents on the formation of the butadienes * was 
confirmed. Whereas bromination of |; 1-di-p-alkoxyphenylethylene in boiling acetic 
acid gave readily the butadiene, that of the p-chloro-, p-bromo-, and p-methyl analogues 
(see below the effect of the methyl group on reactions in acetic acid saturated with hydrogen 
bromide) was not accompanied by the formation of the butadiene in spite of the solution's 
being refluxed for 9 hr. On bromination of 1: I-di-f-ethylthiophenylethylene, the 
butadiene was obtained after prolonged boiling (6 hr.). When a mixture of 1; 1-di-p- 
chloro- or -bromo-phenylethylene (1 mol.) and the vinyl bromide (1 mol.) in solution in 
acetic acid was refluxed for 9 hr., the butadiene was not formed even when the solution was 
saturated with hydrogen bromide. On the other hand, the tetra-p-ethylthio- and the 
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p-methyl-arylbutadiene were obtained when a solution of the ethylene and the vinyl 
bromide in acetic acid saturated with hydrogen bromide was refluxed for a relatively 
short time (15-—30 min.). 

The butadienes were also obtained by thermal decomposition of the vinyl bromides. 
It was noted that the temperature at which thermal decomposition readily took place was 
165° for the p-methoxy-compound,! 210-—230° for the p-ethylthio- and p-methyl-, and 
280-300" for the p-chloro- and p-bromo-compound, showing parallelism with the influence 
of the para-substituent on the ease of formation of the butadiene. It is interesting that 
the presence of radicals such as the methyl with +J effect or the halogens chlorine and 
bromine with —I+4T effect in place of the alkoxyl groups did not favour formation of the 
butadiene. Alkoxy-groups and halogen atoms show —/+4T effects, but the former 
groups possess a weak —TI displacement together with a strong | 7 displacement whereas 
for halogen atoms both forms of displacement are important.” 

1: 1:4: 4-Tetra-p-methylphenylbuta-1 ; 3-diene was previously prepared* by 
reduction of 2: 2: 2-trichloro-1 : 1-di-p-methylphenylethane, and the p-bromo-butadiene 
was obtained* by rearrangement of 1:1: 4; 4-tetra-p-bromophenylbut-2-yne with 
alcoholic ethoxide or pentyloxide, the acetylene itself resulting from cathodic reduction of 
2: 2-di-p-bromophenyl-1 : 1: 1-trichloroethane. 

The structures of the p-ethylthio-, p-methyl-, and -bromo-arylbutadienes were 
confirmed by ozonolysis. 

Like the p-alkoxyarylvinyl bromides,’ the p-chloro- and the p-bromo-analogues were 
oxidised to the corresponding ketones when exposed to direct sunlight in solution in acetic 
acid or carbon tetrachloride. 

Di-p-methoxyphenylvinyl chloride, which was obtained by dehydrochlorination of 
|: I-dichloro-2 : 2-di-p-methoxyphenylethane ® * or by a Friedel-Crafts reaction,’ and the 
corresponding ethoxy-chloro-compound were readily obtained by chlorination of the 
ethylenes in solution in carbon tetrachloride with sulphury! chloride instead of chlorine.? 


EXPERIMENTAL 

1; 2-Dibromo-1| ; 1-di-p-ethylthiophenylethane.-A solution of bromine (0-53 g., 1 mol.) 
in acetic (10 c.c.) was added to a warm solution of 1: 1-di-p-ethylthiophenylethylene ® (1 ¢., 
1 mol.) in the same solvent (10 c.c.), The precipitated dibromide obtained on cooling was 
filtered off and crystallised from aleohol as colourless or pale yellow crystals (0-6 g.), m. p. 104° 
(Found: C, 47-2; H, 3-9; Br, 34-4; S, 141. C,,H,,Br,S, requires C, 47-0; H, 43; Br, 34-8; 
S, 13-90%) 

Di-p-substituted Diphenylvinyl Bromides.—-These were prepared by adding an equimolecular 
quantity of bromine in chloroform, carbon tetrachloride, or ether to the di-p-substituted pheny! 
ethylene in the same solvent (1 g. in 100 c.c.), The solutions were then shaken with aqueous 
sodium carbonate or hydroxide (ca, 5%), and with water, dried (CaCl,), and filtered, and the 
solvent partly removed on the water-bath, The rest of the solvent was removed after addition 
of a little alcohol at 60° at the water-pump, The vinyl bromides separated from alcohol as 
colourless crystals. Thus were prepared di-p-chloro-, m. p. 72° (Found: C, 50-5; H, 2-7; 
Hal, 46-2. C,,H,Cl,Br requires C, 51-2; H, 2-7; Hal, 46-0%), di-p-bromo-, m. p. 104° (Found : 
C, 400; H, 19; Br, 57-9. C,,H,Br, requires C, 40-3; H, 2-2; Br, 57-6%), and di-p-ethyl- 
thio-phenylvinyl bromide, m, p. 42° (Found: C, 56-7; H, 5-3; Br, 20-8; S, 161. C,,H,,BrS, 
requires ©, 567-0; H, 5-0; Br, 21-1; 5, 16-90%). 

Di-p-alkoxyphenyluinyl Chlorides.-These were prepared in almost quantitative yield by 
adding an equimolecular quantity of sulphuryl chloride in carbon tetrachloride to the di-p- 
alkoxyphenylethylene in the same solvent (1 g. in 30 c.c.). A vigorous reaction which took 


* Ingold, “' Structure and Mechanism in Organic Chemistry,’ Bell and Sons, Ltd., London, 1953, 
P 249 
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* rand and Kriicke-Amelung, Ber., 1939, 72, 1029 
* Wiechell, Annalen, 1894, 279, 337 
® Tirand, Ber, 1913, 46, 2035 
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place at room temperature was complete within 15 min. Solvent was removed on the water- 
bath, and the residue crystallised from alcohol as colourless crystals, Thus were prepared 
di-p-methoxyphenylvinyl chloride, m. p. 78° (Wiechell* gave m. p. 76°, and Brand * m. p. 
80—81°) (Found: C, 70:3; H, 58; Cl, 128. Cale. for C,gH,,O,Cl: C, 699; H, 5-4; 
Cl, 12-9%), and di-p-ethoxyphenylvinyl chloride, m. p. 76° (Found: C, 71:3; H, 63; Cl, Lhd, 
Calc, for C,gH,,O,Cl: C, 71-4; H, 63; Cl, 11-7%). 

Effect of Halogen Acids.—(A) In acetic acid. (a) Effect of hydrogen chloride on the vinyl 
bromides. When a solution of di-p-methoxyphenylviny! bromide (1 g.) in acetic acid saturated 
with hydrogen chloride was left at room temperature for one day, or heated on the water- 
bath for 40 min. or refluxed for 5 min,, an olive-green or dark brown colour developed, and 
1:1: 4: 4-tetra-p-methoxyphenylbuta-1l : 3-diene, m. p. and mixed m. p, 206°, was formed 
(yield: 0-1, 0-63, and 0:5 g. respectively). The acetic acid mother-liquor was neutralised with 
sodium carbonate, and the viscid material which separated was extracted with ether. The 
ethereal layer was dried (CaCl,) and filtered, then the solvent was removed at room temperature, 
The residue was digested for 1 hr. on the water-bath with alcoholic potassium hydroxide (2 g. 
in 30 c.c.). On dilution a precipitate was obtained which separated from alcohol (charcoal) as 
colourless crystals, m. p. 78° alone or mixed with di-p-methoxyphenylvinyl chloride (Found : 
Cl, 13-2. Cale. for C,,H,,0,Cl: Cl, 129%). Di-p-ethoxyphenylviny! bromide behaved 
similarly, giving 1:1: 4: 4-tetra-p-ethoxyphenylbuta-| ; 3-diene (m. p. and mixed m. p. 
207°) and di-p-ethoxyphenylvinyl chloride, m. p, and mixed m, p. 76° (Found; Cl, 11-2. Cale, 
for C,gH,O,Cl: Cl, 11-7%). The same chlorides were obtained when the intermediate viscid 
substances were left in alcohol for 2—-3 days. 

(6) Effect of hydrogen chloride on the vinyl chlorides. When a solution of di-p-methoxy- 
or -ethoxy-phenylviny! chloride in acetic acid saturated with hydrogen chloride was refluxed 
for 5 hr., no butadiene was formed and the chloride was recovered unchanged. 

(c) Effect of hydrogen bromide on the vinyl chlorides. When a solution of di-p-methoxy- 
or -ethoxy-phenylvinyl chloride (1 g.) in acetic acid (10 c.c.) saturated with hydrogen bromide 
was left at room temperature for one day or refluxed for 5 min., 1: 1: 4: 4-tetra-p-alkoxy- 
phenylbuta-1 : 3-diene (ca. 0-5 g.) was obtained showing no m. p. depressions when admixed 
with authentic samples. The acetic acid mother-liquors were diluted with water and neutralised 
with sodium carbonate, viscid materials separating, which were extracted with alcoholic 
potassium hydroxide as above. Di-p-alkoxyphenylviny! chlorides were obtained showing no 
depression when admixed with authentic samples. 

(B) In the solid state. (a) When di-p-methoxy- or -ethoxy-phenylviny! bromide (1 g.) was 
left in an atmosphere of hydrogen bromide, which was not completely dry, in a desiccator for 
3 days, the compound gradually changed to rose, red, and finally dark violet. The product was 
treated with alcohol (25 c.c.) and the 1:1: 4: 4-tetra-p-alkoxyphenylbuta-1 ; 3-diene (ca. 
0-5 g.) thus obtained was filtered off. The alcoholic mother-liquor was digested for 1 hr. with 
potassium hydroxide (2 g.). On dilution, unchanged viny! bromide was obtained. 

(b) When di-p-methoxy- or -ethoxy-phenylvinyl chloride (1 g.) was left in an atmosphere 
of hydrogen bromide (not dry) for 11 days, it became rose, red, and finally dark violet in colour 
When the product was treated with alcohol, the corresponding butadiere (ca, 0-3 g.) did not 
dissolve and was filtered off. When the alcoholic mother-liquor was digested with potassium 
hydroxide as above, the vinyl chloride was obtained 

Preparation of Butadienes.—(a) 1:1: 4: 4-Tetra-p-ethylthiophenylbuta-1 : 3-diene, (i) A 
solution of bromine (0-27 g., 1 atom-equiv.) in glacial acetic acid (5 c.c,) was added to 1: 1-di-p- 
ethylthiophenylethylene (1 g., 1 mol.) in the same solvent (10 ¢.c.), and the solution was refluxed 
for 6 hr. On cooling, 1; 1: 4: 4-tetra-p-ethylthiophenylbuta-1 ; 3-diene separated and from 
acetic acid formed brownish-yellow crystals, m. p. 156° (0-4 g.) (Found: C, 71-8; H, 61; 
S, 21-4. CygHy,5, requires C, 72-2; H, 63; S, 213%). (ii) The butadiene (0-24 g.) was 
obtained when a solution of 1: 1-di-p-ethylthiophenylethylene (0-30 g., 1 mol.) and di-p-ethyl- 
thiophenylvinyl bromide (0-379 g., 1 mol.) in glacial acetic acid saturated with hydrogen bromide 
(10 c.c.) was refluxed for 20-30 min. 

(b) 1: 1: 4: 4-Tetra-p-methylphenylbuta-1 : 3-diene. This compound could not be prepared 
by method (i) above, but it was obtained by method (ii) (ethylene, 0-208 g., 1 mol; vinyl 
bromide, 0-287 g., | mol.; acetic acid saturated with hydrogen bromide, 10 ¢.c.; yield, 0-15 g. 
of butadiene). When heated, the solution became olive-green, The butadiene separated from 
ethyl acetate as pale yellow crystals, m, p. 248-—-250° (Brand et al. gave m. p. 255°) (Found ; 
C, 92-4; H,7-2. Calc. for C,,H,,: C, 92-8; H, 7-2%) 

(c) Preparation of butadienes by thermal decomposition, The p-ethylthio-, p-methyl-, p-chloro-, 
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and p-bromo-compounds were obtained (ca. 10%) when the vinyl bromide (1 g.) was heated 
under an air condenser, Decomposition took place at temperatures given on p. 2702, The 
dark brown materials obtained were triturated with warm acetone, and the insoluble fractions 
were filtered off. The solvent was removed and the residue crystallised from ethyl acetate. 
The p-ethylthio-, p-methyl-, and p-chloro-compounds were not depressed in m. p. when admixed 
with authentic samples (for the chloro-compound, see Tadros*), 1:1: 4: 4-Tetra-p-bromo- 
phenylbuta-1 : 3-diene was obtained as pale yellow crystals, m. p. 262° (Brand and Kriicke- 
Amelung * gave m, p. 265-—266°) (Found: C, 50-2; H, 2-4; Br, 47-2. Calc, for C,,H,,Br, ° 
C, 49-9; H, 2-7; Br, 47-56%). 

Reaction between Di-p-alhoxyphenylvinyl Bromides and Anthrone.—(a) A mixture of di-p- 
methoxy- (0-638 g., 2 mol.) or -ethoxy-phenylvinyl bromide (0-694 g., 2 mol.) and anthrone 
(0-194 g., 1 mol.) was heated on the water-bath for 7 min., melting and becoming violet-red. 
The product was digested with carbon disulphide, The undissolved fraction crystallised from 
acetone from which 9; 9’-dianthronyl separated as colourless crystals, m. p. 250-—255° 
showing no depression when admixed with an authentic sample (Found: C, 87-0; H, 4-4. 
Cale, for CygH,gO,: C, 87-0; H, 47%). 1:1: 4: 4-Tetra-p-methoxy- or -ethoxy-phenylbuta 
1: 3-diene separated from carbon disulphide showing no depression when admixed with 
authentic samples. The butadiene was filtered off, light petroleum (b. p. 50-—-70°) was added 
to the filtrate, and the 9-bromoanthrone thus obtained was recrystallised from carbon di 
sulphide—light petroleum as almost colourless crystals, m. p. 148° showing no depression when 
admixed with an authentic sample.” 

(b) Experiments (a) were repeated with acetic acid as solvent (3 min.). The reaction took 
place on boiling. On cooling, a mixture of the butadiene and 9: 9’-dianthronyl was precipitated, 
These were separated by digestion with carbon disulphide as above. The acetic acid mother- 
liquor was diluted with cold water and the precipitate was filtered off. On fractional crystallis- 
ation of the precipitate from carbon disulphide—light petroleum, 9-bromoanthrone was isolated. 

Effect of Direct Sunlight on 1; 1-Di-p-chloro- and -p-bromo-phenylvinyl Bromide,—-On 
exposure to direct sunlight, di-p-chloro- or -bromo-phenylvinyl bromide (0-6 g.) in solution in 
acetic acid or carbon tetrachloride (10 c.c.) was oxidised to 4: 4’-dichloro- (m. p. and mixed 
m. p. 144°) and 4: 4’-dibromo-benzophenone (m. p. and mixed m. p. 173°) respectively. The 
solution became yellow, pale brown, brownish-red, and finally dark orange (within 6—10 weeks 
depending on season of exposure), reaction then being almost complete 

Effect of Divect Sunlight on 1: 1-Di-p-alkoxyphenylvinyl Bromides in Nitrogen or Carbon 
Dioxide.-A solution of di-p-methoxy- or -ethoxy-phenylvinyl bromide (1 g.) in acetic acid 
(10 c.c.) was sealed in a Pyrex tube under nitrogen or carbon dioxide and exposed to direct 
sunlight for 3 months, acquiring a pale brown colour within 24 hr., gradually darkening, and 
becoming finally dark brown. A precipitate (0-4 g.) separated and was filtered off. This 
proved to be 1: 1: 4: 4-tetra-p-alkoxyphenylbuta-1 ; 3-diene showing no depression in m. p. 
when mixed with authentic samples, When the acetic acid mother-liquor was diluted, de- 
alkylated products separated. 

Oxonolysis.—-The butadienes gave glyoxal and the corresponding ketones, the procedure 
being similar to that previously reported. Compounds obtained were 4; 4’-diethylthio- 
benzophenone, m, p, and mixed m, p. 116—118°, 4; 4’-dimethylbenzophenone, m. p. and mixed 
m. p. 05°, and 4: 4’-dibromobenzophenone, m, p. and mixed m. p. 173°. 


CuemMistry DEPARTMENT, FACULTY OF SCIENCE, 
Catro UNIversity, Eoyrt [ Received, December 2nd, 1955.) 


* Tadros, /., 1954, 2066 

© Bell and Waring, J., 1949, 267 

'! Dimroth, Her,, 1901, 94, 219; Beilstein’s Handbuch, 1925, Vol. VII, p. 846 

'® Goldmann, Ber., 1887, 20, 2436; Meyer, Annalen, 1911, 379, 37; Barnett, Cook, and Matthews, 
, 1923, 1904 


Addison and Sheldon. 2705 


533. Oxidation of Dialkyl Sulphides and Trisubstituted Phosphines by 
Dinitrogen Tetroxide ; Molecular Addition Compounds with Dialkyl 


Sulphoxides. 
By C. C. Apptson and J. C. SHELDON. 


Alkyl sulphides are readily oxidised by liquid dinitrogen tetroxide to the 
sulphoxides, and there is no further oxidation to sulphone, Because of its 
anhydrous and volatile nature, dinitrogen tetroxide is an excellent oxidant in 
the preparation of sulphoxides. Tributyl- and triphenyl-phosphine are simi- 
larly oxidised to the phosphine oxides. Molecular addition compounds of 
dimethyl, diethyl, di-n-propyl, and diisopropy! sulphoxides with dinitrogen 
tetroxide have been studied by thermal analysis; 1: 1 compounds predomin- 
ate, and the possible structures are discussed. Neither diethyl sulphone nor 
the phosphine oxides give addition compounds with dinitrogen tetroxide, and 
sulphur is therefore considered to be the donor atom in compounds with sul- 
phoxides, 


In view of the readiness with which dinitrogen tetroxide forms molecular addition com- 
pounds with ethers,' and with other compounds (e.g., esters, aldehydes, ketones *) in which 
oxygen can act as an electron donor, it was of interest to determine whether sulphur com- 
pounds show similar behaviour. However, it was not possible to investigate compound 
formation with the dialkyl sulphides since they undergo vigorous oxidation by dinitrogen 
tetroxide. On addition of small quantities of the tetroxide to diethyl sulphide at —70° a 
red colour appeared ; at this temperature oxidation is negligible and the colour is probably 
due to the formation of an addition compound analogous to that formed with diethyl ether. 
As the temperature is increased, nitric oxide is evolved at an increasing rate, and the 
sulphide is converted completely into the sulphoxide. Similar behaviour was observed 
with the other alkyl sulphides mentioned in this paper. Oxidation of organic sulphur 
compounds by “ nitrous fumes” has been reported,® and Horner and Hiibenett * have 
recently used a dinitrogen tetroxide-carbon tetrachloride mixture to oxidise methyl phenyl 
sulphide to the sulphoxide. 

A unique feature in the oxidising properties of dinitrogen tetroxide is its ability to 
restrict a reaction to a single oxidation stage only, when further oxidation would appear 
to be possible, The preparation of substituted aromatic aldehydes R-C,HyCHO by oxida- 
tion of the corresponding alcohols with dinitrogen tetroxide is superior to many other 
methods in simplicity and in yield ;> both sodium hyponitrite and sodium «-oxyhyponitrite 
(Na,N,O,) are oxidised ® rapidly to the compounds 6-NagN,O, and Na,N,O,. Addition 
of a single oxygen atom to an alkyl sulphide is another example of this unusual property, 
since the complete oxidation 

xO 
R,S ——» R,S->O ——> RN 


is not a difficult process, and low melting points recorded in earlier literature (e.g., 8° for 
Me,SO) ? are probably due to the presence of sulphone. Douglas *® gives 18-5° for the 
melting point of pure dimethyl sulphoxide; our product melted at 19—20°. The alkyl 
sulphoxides are hygoscopic and difficult to crystallise when moist; di-n-butyl sulphoxide, 
for example, crystallises when anhydrous, but liquefies rapidly cn absorption of moisture.® 
The ease with which sulphoxides have been found to crystallise in this work is attributed 
to the completely anhydrous nature of dinitrogen tetroxide. Oxidation of sulphoxide to 

! Rubin, Shechter, and Sisler, /. Amer. Chem. Soc., 1962, 74, 877; Whanger and Sisler, ibid, 1953, 


75, 5188 
* Addison and Sheldon, J., 1956, 1941. 
* Pummerer, Her., 1910, 48, 1407. 
* Horner and Hiibenett, Annalen, 1953, 679, 193 
* Field and Grundy, /., 1955, 1110. 
* Addison, Gamlen, and Thompson, J., 1952, 346 
? Strecker and Spitala, Her,, 1926, 68, 1754 
* Douglas, /. Amer. Chem. Soc., 1946, 68, 1072 
* Edwards and Stenlake, /., 1954, 3272 
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sulphone is slight even on prolonged contact. Mixtures of sulphoxide with dinitrogen 
tetroxide developed a pale green colour (due to a small amount of dinitrogen trioxide) 
after 24 hours, but even after several weeks the sulphoxide could be recovered almost un- 
changed. 

Triphenylphosphine and tri-n-butylphosphine are oxidised vigorously by dinitrogen 
tetroxide at room temperature (the latter the more vigorously) to the corresponding 
phosphine oxides; in this case no further oxidation stage is involved. Oxidation of the 
tributylphosphine was still rapid at —70”°. 

Molecular Addition Compounds.—The stability of the sulphoxide—dinitrogen tetroxide 
mixtures enabled thermal analysis to be carried out, and phase diagrams for four sulphox- 
ides are shown in Figs. 1 and 2, Obvious 1; 1 compounds are formed in the solid state, 
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and only in the case of diisopropyl sulphoxide (curve D) is a 2:1 compound observed. 
Since ‘onium donors normally give 2: 1 compounds,” there are unusual features in the struc- 
ture of the sulphoxide compounds, and it is relevant here to draw comparison with the 
addition compound with nitric acid, Me,SO,HNO,. This compound, prepared by the 
action of concentrated nitric acid on dimethyl! sulphide,” crystallises from aqueous solution 
and has been assumed to be a salt MegSOH* NO,~. If sound evidence was available for this 
ionic formulation, the dinitrogen tetroxide compounds might be regarded, by analogy, as 

voy ionic compounds of type (A); however, the published experimental re- 
| RS | NO,~ sults reveal no clear evidence for this ionic formulation. The electrical 

N conductivity of the compound in water is nearly the same as for an 
equivalent amount of nitric acid;! pH measurements show it to be 
completely dissociated into its components in water,’ and it is not associated in 


‘© Saizew, Annalen, 1867, 144, 150 
'! Hantzsch and Hibbert, Ber., 1907, 40, 1508 
'* Nylén, Z. anorg. Chem., 1941, 246, 227 
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chloroform solution whereas ionic nitrates (e.g., tetra-alkylammonium nitrates) show 
association.” The freezing points of aqueous solutions of two sulphoxides are given in 
Table 1. Phase diagrams constructed from these values show no breaks, so that the 
proton affinity of the sulphoxides is insufficient to give rise to compound formation with 
water. There is therefore no reason to favour an ionic structure for the dinitrogen tetroxide 
complexes. The equilibria between ionic and molecular compounds 


R,SO,N,O, —-==> R,SO + N,O, <= R,SO,NO* NO,~ 


may well occur in the liquid state, as with other ‘onium donors,* but the properties of the 
liquid mixtures indicate that very little of the ionic form can be present; the specific 
conductivity does not exceed 10% ohm=! cm."!, and the rates of reaction with metals are 
little more than the rates with dinitrogen tetroxide alone. 

In considering a structure for the molecular addition compounds it is necessary to 
determine whether the sulphur or the oxygen atom acts as electron donor to the tetroxide. 
When bonded in the form R-O-R or R,C=O, electron donation by the oxygen atom is 
sufficiently strong to give addition compounds.* However, in compounds R,S*-O~, the 


TABLE 1. Freezing points of sulphoxide-water mixtures, 
Mol. % of Me,SO 68 4 45-5 
Freezing point 20° ‘Ss 35 20-5 42-5" 


Mol. % of Et,SO 


/o 
Freezing point 


TABLE 2. Freezing points of mixtures with dinitrogen tetroxide. 
Mol. %, of Et,SO,... 100 655 57 42 : 27-5 0 
Freezing point ... 74°38 50-5" 41° 23 23° 113° 
Eutectic 26 mol. % at —27-5° 
Mol. % of Bu,PO... 100 91 
Freezing point 67-4 61-4" 
Eutectic 33 mol, % at —37° 


oxygen atom is bonded in yet another way, and may have different electron-donor proper- 
ties. The sulphur atom has an electron pair available for donation in the sulphoxide, but 
not in the sulphone, and any compound formation between dinitrogen tetroxide and a 
sulphone will therefore depend upon the donor properties of oxygen bonded in this manner. 
Similar conditions apply in the compounds R,P'-O~. Mixtures of the tetroxide with di- 
ethyl sulphone and with tri-n-butylphosphine oxide have therefore been studied by thermal 
analysis, and the freezing points are given in Table 2. 

In each case the phase diagram is a simple eutectic system, and the absence of compound 
formation indicates that an oxygen atom bonded in this way is not a sufficiently strong 
donor with respect to dinitrogen tetroxide to be responsible, in itself, for compound forma- 
tion. The 1:1 molecular addition compounds with sulphoxides are therefore represented 
as in (1), with the sulphur atoms primarily responsible for electron donation. In the]: 1 


ns “so - 

O=N-—N& O=N-—N=O0 

(1) / ys (II) 
R 


Oo o 5O 


compounds, electron donation by a second sulphoxide molecule (as in I1) is considered to 
be inhibited by partial charge transfer from the oxygen atom which is brought into close 
proximity with the N,O, molecule on formation of the 1:1 compound. This type of 
association is only possible when the lattice structure permits the S~O bond to be in 


1s Walden, Bull. Acad. St Petersbourg , 1915, 509; Chem Zentr , 1925, 96, 1674 
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the same direction as the N-N bond. The phase diagrams for the dipropyl sul- 
phoxides (Fig. 2) show that a change in shape of the alkyl group results in a change from a 
1: | (n-propyl) to a predominant 2; 1 (isopropyl) compound. Unless the electronic distri- 
bution in the sulphoxide group varies appreciably with the structure of the alkyl group, 
the change in compound ratio must be a lattice effect. It is feasible that in the 2:1 
compound with diisopropyl sulphoxide, the stable lattice structure requires that the 
S~O and the N-N bonds are at a wide angle to one another; the oxygen atom is then so 
far removed that electron transfer to the second NO, unit is no longer possible. Under 
these conditions the normal ‘onium donor (2; 1) compound (II) would be found, 


EXPERIMENTAL 


Preparations of Sulphoxides.—A 250 ml. flask containing 100 g. of dialkyl sulphide was con- 
nected, through twin necks, to a phosphoric oxide guard-tube and to a 100 ml. flask containing 
an excess of liquid dinitrogen tetroxide. The sulphide was cooled in alcohol-solid carbon 
dioxide, and the tetroxide was added slowly either by distillation or by careful pouring. At 
low temperatures, oxidation proceeds smoothly, but care is needed at higher temperatures; 
reaction and evolution of nitric oxide are very vigorous if the liquids are mixed near 0°. The 
product was the liquid sulphoxide containing much tenaciously held dinitrogen tetroxide, but 
distillation at low pressure gave a 90%, yield of the colourless liquid sulphoxide solidifying over a 
temperature range of about 4°. Some decomposition occurs during distillation, so that further 
distillation did not increase the purity of the sulphoxide, Fractional crystallisation is a suitable 
method of purification, and the products, once distilled, were cooled slowly until about one 
quarter of the products had crystallised, This fraction had the following properties : 

Dimethyl sulphoxide: m, p. 19-~-20°, b. p. 80°/18 mm, 

Diethy! sulphoxide: m, p. 19-—-20°, b. p. 95°/18 mm, (Found: C, 44-7; H, 9-5 
Calc. for Et,5O: C, 45-3; H, 9-45; S, 302%). 

Di-n-propyl sulphoxide: m. p, 24-5-—25-5°, b. p. 80°/3 mm. (Found: C, 53-1; , 10-5. 
Cale, for CgH,,OS: C, 63-6; H, 10-56%). 

Diisopropy! sulphoxide : m. p 17° to ~ 14-5", b. p. 60°/3 mm. 

When the trisubstituted phosphines were oxidised by excess of liquid dinitrogen tetroxide, 
the products crystallising from solutions were solid solutions of phosphine oxides with dinitrogen 
tetroxide. The N,O, mol, fraction in the crystals was 0-38 for tributylphosphine oxide, and 
0-55 for triphenylphosphine oxide, The tetroxide is tenaciously held, and was removed from 
the crystals only slowly in a vacuum at room temperature, Crystals containing triphenyl- 
phosphine oxide were therefore melted at 100°, the dinitrogen tetroxide being then given off. 
rhe residue, recrystallised from aqueous alcohol, gave pure triphenylphosphine oxide as a colour- 
less solid, m. p, 156-——-157° (lit. 156-5-—-157°), The gold chloride addition compound crystal- 
lised from a concentrated solution of the components as deep yellow plates, m, p. 177-5—178-5° 
(lit. 179°), The product of a similar oxidation of tri-n-butylphosphine distilled at 150°/1-5 
mm., and gave colourless hygroscopic needles of the oxide, m. p, 67-0-—67-4° (Found: C, 65-0; 
H, 12:3. Cale. for C,,H,,OP: C, 66-1; H, 125%). Tributylphosphine was prepared from 
n-butyl bromide by a Grignard reaction described by Davies and Jones,” who also report a 
slightly low C value on analysis of the tributylphosphine oxide. 


The authors thank the Department of Scientific and Industrial Research for a maintenance 
grant (to J. C. S.), and Dr, J, Chatt for the gift of triphenyl- and tributyl-phosphine. 
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534. Double Melting of Molecular Addition Compounds of 
Dinitrogen Tetroxide with Organic Donors. 


By C. C, Apptson and J, C. SHELDON. 


Phase diagrams for binary systems of dinitrogen tetroxide with certain 
organic donors show two distinct liquidus curves over the same concentration 
range; the addition compounds separate from the mixtures in two forms, 
having different melting points. With ethyl acetate and p-tolyl cyanide the 
two solid compounds have the same component ratio (2: 1 and 1: 1 respec- 
tively) but with benzophenone a 1:1 or a 2: 1 compound may crystallise 
from the same liquid mixture. Thermal analysis of the acetic anhydride 
dinitrogen tetroxide systems is also reported. 


THE existence of solid molecular addition compounds between dinitrogen tetroxide and 
‘onium or x donors is readily recognised by thermal! analysis of the binary systems. With 
the donor molecules already reported,':* clear phase diagrams were obtained, but very 
occasionally the solid formed by partial freezing of the liquid mixture was found to melt 
at a temperature quite different from that indicated by the established phase diagram. 
A search was therefore made for organic donors showing this effect to a greater extent, and 
full thermal analysis of mixtures with ethyl acetate, benzophenone, and p-tolyl cyanide 
has led to the surprising observation that over the concentration range representing 
crystallisation of the addition compound, two distinct liquidus curves are obtained which 
can be separated by as much as 10°, For a given donor, the two melting-point maxima 
may occur at the same ratio (2: 1 for ethyl acetate, 1: | for -tolyl cyanide) or at different 
ratios (1: 1 and 2:1 for benzophenone), In this paper the phenomenon is discussed in 
the light of the alternative solid compounds which are possible, 

This type of double crystallisation and melting appears to be almost unique. A phase 
diagram for mixtures of ethylene glycol diethyl ether with dinitrogen tetroxide reported 
by Whanger and Sisler * suggests the presence of this effect also, though no reference is 
made to it in the text. There is also an early observation * that, when an equimolecular 
mixture of phenol and f-toluidine cools, crystalline plates melting at 28-5° separate first, 
and that these can be converted into needles melting at 30°, but examples of such behaviour 
are rare. 

RESULTS and DISCUSSION 


Some present and past observations on the crystallisation of mixtures of dinitrogen 
tetroxide with a second liquid will first be correlated by reference to Fig. 1, in which 
AE,;F,EF, represents the liquidus curve, and F, the ultimate eutectic in the absence of 
compound formation. In all cases in which the crystals from tetroxide-rich solutions 
have been examined, they have been found to be solid solutions, so that a solidus curve 
such as AF,F,F, exists also, With some liquids (e.g., nitromethane,® nitrosyl chloride,® 
and some halogeno-hydrocarbons 7) the simple eutectic diagram AF,B is obtained, With 
the many liquids which give addition compounds, the liquidus curve is represented by 
AE,C,; if cooling is slow, it has been observed (¢.g., with diethylnitrosamine mixtures *) 
that crystallisation can proceed beyond E, along EF , for several degrees, and if the mixture 
is then warmed, no eutectic arrest corresponding to F, occurs. Cooling along E,F, may 
therefore be regarded as normal cooling with respect to the simple eutectic system, or as 
supercooling with respect to compound C,, With tetroxide mixtures, cooling beyond 
about 10° below E, usually causes crystallisation of compound C,, In the same way, 


1 Addison and Sheldon, J., 1956, 1941. 
* Idem, preceding paper 

* Whanger and Sisler, /. Amer. Chem. Soc., 1953, 75, 5188 
* Philip, /., 1903, 83, 814 

* Addison, Hodge, and Lewis, J., 1953, 2631. 
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when a second solid compound C, is possible, cooling along EF, may be regarded either as 
normal cooling with respect to compound C, or as supercooling with respect to C,; it is 
consistent with this general picture that compound C, is obtained on strong supercooling 
of the liquid. When the molecular ratio in the two compounds C, and C, is the same, 
cooling of C, often produces a spontaneous change to C,, but this does not occur when the 
two molecular ratios are different (as with benzophenone). We have not yet found any 
reliable method of ensuring that a particular compound (C, or C,) separates on crystallis- 
ation, since the readiness with which C, is formed varies with the donor molecule used, but 
the results in Figs, 2 and 3 show that all melting points lie on one of two distinct curves. 
The fact that curve AE, is not varied, whatever compound may separate, indicates in 
itself that the two components are not strongly associated in the liquid state. 

Ethyl Acetate Compounds.——The phase diagram in Fig. 2 shows two solid 2 : 1 compounds, 
m. p.s —64-5° and —71-5", and illustrates the general points mentioned above. The two 
compounds no doubt result from two different arrangements of the components in the 
crystal lattice. Ethyl acetate is a weak donor, and until crystallographic evidence is 
available it is not possible to determine whether electron transfer to the dinitrogen tetroxide 
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acceptor molecule makes a major contribution to the lattice energy. If this should be the 
case, the same addition-compound unit may be packed in different ways in the crystal, or 
the compound itself may have more than one structure; ¢.g., electron donation is possible 
from either the carbonyl- or the ether-oxygen atom in ethyl acetate. No colour was 
produced on cooling the solid compounds. 

p-Tolyl Cyanide Compounds,—The phase diagram (Fig. 3) shows two solid 1:1 com 
pounds, m. p.s —1° and —7-5°. On strong cooling, the solid phases developed yellow or 
grey-purple colours. The colour which formed varied with the relative concentrations of 
the components used, and any one colour was not a property of a particular 1 ; 1 compound. 
The development of colour was reversible, and could be diminished or intensified at will 
by variation in temperature. This, and the component ratio, indicate that compound 
formation is by orbital overlap, the p-tolyl cyanide acting as a x-electron donor. It has 
been suggested ! that such solid compounds have the components arranged plane-to-plane 
in column form; the two solid compounds now observed may therefore result from different 
relative arrangements of the tetroxide and tolyl cyanide molecules in the column, or from 
different modes of packing of the columns themselves. 

Benzophenone Compounds.—These represent a third type of double melting system, since 
the two melting-point maxima (Fig. 3) represent different coraponent ratios (1:1, m. p. 
135°; 2:1, m. p, 205°). The 1:1 compound is well characterised by experimental 
values, and is regarded as a x-compound involving the aromatic orbitals of benzophenone 
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This compound undergoes some curious colour changes. Immediately after crystallisation 
it was yellow, but the colour was lost on warming and was not re-formed on cooling. When 
the yellow solid was cooled below —10°, a phase change occurred; colourless patches 
developed which spread throughout the solid, and the colour was not restored by change 
in temperature. 

The 2: 1 compound is not easily formed, and is made more difficult to obtain by the 
readiness with which the 1 ; | compound separates from solution. Only four points have 
been obtained on the liquidus curve, but there is no doubt as to the existence of the 2:1 
compound. In a typical preparation, a 62 mol. °, solution of benzophenone was cooled ; 
at 20°, needles of benzophenone (or solid solution) began to separate. On further cooling, 
a new solid phase grew from nuclei at various points on the vessel walls, and within a few 
seconds the whole mixture was transformed into a solid which melted over a very narrow 
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temperature range at 29°. This solid was almost colourless at 0°; at —30° it was appreci- 
ably yellow, and there was no further colour change on cooling to —80°. Colour changes 
between 0° and —30° were reversible (in contrast to the 1: 1 compound). On the basis 
of the 2:1 ratio the compound might be regarded as an ‘onium complex. However, 
electron donation from the oxygen atom of benzophenone will be appreciably reduced by 
the deactivating property of the two phenyl groups. Since reversible colour changes are 
also observed, molecular association in this compound may again occur through r-orbital 
overlap, and a more complicated solid strueture would reduce the probability of its form- 
ation. The wider range of solid compounds formed between benzophenone and dinitrogen 
tetroxide may not be unrelated to the fact that pure benzophenone exists in two solid 
modifications (m. p.s 49° and 26°), 

Acetic Anhydride Compounds.—-There appear to be two modes of crystal packing in 
solid acetic anhydride, possessing similar lattice energies, since the pure solid has two 
melting points 2° apart (Fig. 4). This is reflected in the existence of two eutectic temper- 
atures similarly separated, and two liquidus curves on the acetic anhydride side of the 
eutectic composition. On the dinitrogen tetroxide side, no double melting occurs; there 
is pronounced evidence for a 1:1 compound (m. p. —43-°5°) and a compound of higher 
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ratio (probably 2:1) melting incongruently. Reference has already been made ® to the 
formulation of the 1: 1 compound as an ‘onium complex involving electron donation from 
two of the oxygen atoms in acetic anhydride. 


E-xpevimental..Benzophenone and p-tolyl cyanide (British Drug Houses Limited) proved 
sufficiently pure for use without further treatment; recrystallisation did not improve the 
sharpness of their m, p.s. Ethyl acetate was washed successively with sodium carbonate 
solution, water, calcium chloride solution, and water. It was dried (CaCl,) and fractionated 
over phosphoric oxide. Acetic anhydride was fractionated. All compounds were anhydrous, 
and were stable in contact with dinitrogen tetroxide for several days. Melting points were 
determined from warming curves as already described.* * 


The authors express their gratitude to the Department of Scientific and Industrial Research 
for a maintenance grant (to J. C. S.). 
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535. An Infrared Spectroscopic Investigation of Absorption Due to the 
N-H Stretching Modes of Vibration in Co-ordination Compounds of 
Ammonia and Amines. Hydrogen Bonding (N-H --+ Cl) in a Series 
of Amine Complexes of Platinous Chloride. 


By J. Cuattr, L. A. Duncanson, and L. M. VENANZI, 


The infrared spectra of about 30 complex compounds of the type trans- 
{L,amPtX,} have been examined in the solid state, in solution in an inert 
(CCl,), and in an electron-donor solvent (CCl,-dioxan). In these compounds 
Il. is one of the following uncharged ligands: ethylene, 4-n-pentylpyridine, 
piperidine, a di-n-alkyl sulphide, selenide, or telluride, or a tri-n-alkyl-phos- 
phine, -arsine, or -stibine, or a tri-n-alkyl phosphite ; ‘‘am”’ is ammonia ora 
primary or secondary amine, and X is a halogen atom, usually chlorine. The 
spectra were examined in the 3000—3500 cm.-! region, 

Generally, the spectra of the ammines and primary amine complexes were 
complicated by hydrogen bonding involving the N-hydrogen atoms. This 
bonding is intermolecular, to the halogen atom of another molecule, N-H ++ +X, 
when the complexes are in the solid state and in carbon tetrachloride solution, 
In the presence of dioxan, however, it also occurs to the oxygen atoms of the 
solvent, N-H++*+O, The spectra of the primary amine complexes in dilute 
carbon tetrachloride have been interpreted in terms of the dimerisation equi- 
librium: 2 trans-(L,R*NH,PtCl,) == (évans-[L,R*NH,PtCl,}),, and associ- 
ation constants, K, were determined for a series of p-toluidine complexes 
(Table 1), 

The complexes in which “ am "’ is a sterically hindered primary amine, ¢.g., 
2: 6-dimethylaniline, or a secondary amine have less complicated spectra in 
the 3000—3500 cm." region. If any hydrogen bonding occurs it is very weak 
in the solid state and in solution, even in the presence of dioxan. 

The electronic and steric effects of the various ligands “ L,’’ “‘ am,’ and 
“XX "' on the spectra and association constants are discussed and a structure 
is proposed for the dimeric primary amine complex (Fig. 9). 


Tue value of infrared spectroscopic methods in the study of co-ordination compounds has 
become generally apparent during the last few years..* The method has the serious limit 
ation that complex compounds are usually crystalline and insoluble in the solvents most 

1 See, ¢.g., (a) Mizushima, Nakagwa, and Quagliano, ], Chem. Phys., 1955, 28, 1367; (b) Nyholm 
and Short, /., 1963, 2670; (c) Chatt and Duncanson, /., 1953, 2939; (d) Bellamy and Branch, /., 1954 
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suitable for infrared work. Most investigations have therefore been carried out upon the 
powdered crystalline complex suspended in some medium such as mineral oil or compressed 
in potassium bromide discs.’ In such circumstances the subtle changes in the frequency, 
intensity, and width of the absorption bands caused, ¢.g., by changing the metal or ligands 
in the complex, are interfered with or masked by lattice and other effects associated with 
the solid state. 

In order to investigate the electronic effects which might control the position of substitu- 
tion in platinous complexes, we ** prepared a number of amine complexes of the type 
trans-[L,amPtX,). In these compounds “am ”’ is ammonia, or a primary or secondary 
amine, ‘‘ X" a halogen atom, and “ L ” is ethylene, a tertiary-n-alkyl-phosphine, -arsine, 
or -stibine, or a di-n-alkyl sulphide, selenide, or telluride. The above non-ionic complexes, 
containing only one molecule of ammonia or amine, are scluble in most organic solvents. 
They are thus ideal for a systematic infrared spectroscopic investigation and comparison 
of the N-H absorption bands in various solvent media and in the solid state. We now 


110¢- 


70 


hic. 1. Spectrum of trans-[PPr®,,NH,PtCl,} : w 


0-00944M in CCl, 
0-00375m in CCI, 50} 
0-0984M in CCl,-dioxan. 


record the results of such ani investigation in the hope that they will help in the interpret 
ation of the spectra of solid complexes and guide future investigators in their choice of 
amino-complexes for investigation. We found that the spectra of the above monoamino- 
complexes in the 3000—3500 cm.-! region are not so simple as might be expected, because 
many of the compounds in the solid state and in concentrated carbon tetrachloride solution 
form intermolecular hydrogen bonds involving the hydrogen of the amine. The extent of 
the hydrogen bonding is greatly affected by the nature of the amine. The tendency to form 
hydrogen bonds is very strong in ammonia and primary amine complexes, except when the 
NH, group of the amine is sterically hindered. In secondary amine complexes the tendency 
is very slight. We are thus able to classify the complexes for the purpose of describing 
their spectra and general behaviour in solution according to the type of amine which they 
contain. 

We use this classification to describe the spectra of the various complexes below. The 
N~-H bands of the complexes in the crystalline state, in carbon tetrachloride solution, and 
in an electron-donor solvent are described, and interpreted in terms of hydrogen bonding. 
The extent of hydrogen bonding depends on the physical state of the complex, whether it 


* Lane, Sen, and Quagliano, /. Chem, Phys., 1954, 22, 1855, 
* Chatt and Venanzi, /., 1955, 3858. 
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be solid, or in solution, and on the nature of the solvent; it also depends on intramolecular, 
steric, and electronic factors. How all these factors affect the hydrogen bonding is discussed 
after the following general description and interpretation of the spectra. 

(1) Ammonia complexes such as trans-[PPr%,,NH,PtCl,| are associated by inter- 
molecular hydrogen bonds in the solid state and in solution. The spectrum of trans- 
(PPr®,,NH,PtCl,) in carbon tetrachloride solution (Fig. 1) contains six distinct NH stretch- 
ing bands at 3383, 3336, 3281, 3243, 3197, and 3167 cm.~!, together with a shoulder near 
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3450 cm.'. The relative intensities of these bands vary with the concentration of the 
solution as is shown in Fig. 1, enabling us to assign those at 3383 and 3281 cm.~! to the 
monomeric complex because they increase in intensity as the concentration decreases. 
The band at 3281 cm.-' is much sharper than any of the others and is attributed to the 
symmetric NH, stretching mode, while the highest-frequency band (3383 cm.~') is assigned 
to the anti-symmetric stretching modes of the NH, group. The latter band presumably 
overlaps a band due to associated molecules, since its intensity increases more slowly than 
that of the 3281 cm.! band on dilution. The comparative broadness of the 3383 cm.-! 
band and the shoulder near 3450 cm.-! are probably due to splitting of the degenerate 
levels of the free ligand by co-ordination in a planar complex, The remaining four bands 
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in this region of the spectrum are assigned to the NH stretching bands of molecules which 
are associated, to various extents, through hydrogen bonds. These assignments were 
confirmed by observing the spectrum of the carbon tetrachloride solution of trans- 
[PPr®,,NH,Ptl,} (Fig. 2) where the degree of association is much smaller than in the 
corresponding chloro-complex. There are only two strong NH bands, one at 3368 cm.“ 
(broad, with shoulder near 3410 cm.) and the other at 3267 cm.-' (sharp), together with 
four much weaker bands due to associated molecules. 

The NH stretching bands of these two complexes in the solid state are shown in Fig. 3 
together with those of the insoluble complexes cis- and trans-|(NH,),PtCl,|. These spectra 
are shown in order to demonstrate how difficult is their interpretation. Difficulty in 
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Fic. 4. Spectrum of 
trans-[ Pr®,S,p-MeC,HyNH,PtCl,) : 
0-00754m in CCI,. 
0-00259m in CCl,. 
0-564m in CCl,-dioxan. 


| tem vilesihenall 
3300 3200 
Wave number 


assigning the bands is, in some cases, due to the complexity of the spectra caused by hydro- 
gen bonding in the crystal, but even where the spectra are not complicated, ¢.g., cf. cts- 
and trans-|(NH,),PtCl,| (Fig. 3), there must be considerable doubt about how large and 
how variable is the perturbing effect of hydrogen bonding on the vibration frequencies. 
With the above diammino-complexes either the hydrogen bonding is of a different type from 
that present in the monoammino-complexes or else the broadness of the bands masks any 
structure which may be present. The spectrum of a suspension of powdered crystalline 
trans-{PPr®,,NH,PtCl,| in compressed potassium bromide discs was found to be identical 
with that of its suspension in paraffin oil. 

(2) (i) Primary amine complexes of the type ‘rans-(L,R*NH,PtCl,| (L = uncharged 
ligand, K = alkyl or aryi) also form intermolecular hydrogen bonds in solution and in the 
solid state. The effects of this association on their NH stretching bands can be seen in 
Figs. 4—6. The spectra shown in Fig. 4 are typical of all the aniline and p-substituted 
aniline complexes which we have examined (see Table 3). In dilute solution (~0-005-— 
(01m) four bands are apparent; two sharp bands (A and C) within the ranges 3348-—3328 
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and 3272—3262 cm.~}, together with two broader ones (D and E£) in the regions 3210—3220 
and 3120—3130 cm.", respectively (for precise frequencies see Table 3). The sharp 
bands increase in intensity at the expense of the broad ones as the concentration is dimin- 
ished, and their origins are doubtless the antisymmetric (A) and the symmetric (C) NH 
stretching modes of the monomeric complexes. At higher concentrations (especially 

002m) another region of at orption (B) becomes apparent, extending from about 
3330 cm.-! to lower frequencies. This band is very broad in the spectra of the complexes 


Fic. 5. Spectrum of 
trans-[PPr,,Me-NH,PtCl,| : 
—— 0-00871m in CCl, 
0-0510m in CCl, 
0-0195m in CCl,-dioxan 


Wave number 
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G. 6 Spectra of solid complexe: 
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trans-(PPrt,, p-MeC,HyeNH,Ptcl, 
fran Pr®,5,p Me-( eHig NH, Pt l, 
trans-(PPr®,,Me-NH,PtCl, 
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= * l iol 
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of aromatic primary amines and its exact position is, therefore, somewhat indefinite. It 
is, however, sharper and more pronounced in the spectra of aliphatic primary amine com~ 
plexes, ¢.g., trans-[PPr°,,alkyl-NH,PtCl,}. The greater prominence of this band (B) is the 
most marked difference between the spectra in carbon tetrachloride solutions of the com- 
plexes containing aromatic and aliphatic primary amines and a possible reason for this 
will be discussed later. Otherwise, apart from differences in NH frequencies, the spectra 
of these two classes of complexes are very similar. For example, the spectrum of trans- 
[PPr,",Me*-NH,PtCl,} in carbon tetrachloride solution (Fig. 5) has bands at 3347 and 3284 
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cm.-! (A and C, monomer) and 3325, 3242, and 3140 cm.! (B, D, and E, associated 
molecules). Comparison of Figs. 4 and 5 clearly shows the greater distinctness of the 
highest-frequency band (B) due to associated molecules in the spectrum of the methylamine 
complex as compared with the corresponding band in the spectrum of the /-toluidine 
complex. 


110 


Fic. 7. Spectrum of 
trans-|PPr®,,2 : 6-Me,C,H,*-NH,PtCl,} ; 


0-0832m in CCl. 
0-116 in CCl,-dioxan. 


Wave number 


Fic, 8. Spectra of trans-(PPr®,, RR’NHPtCl,}: (i) R = R’ Et; 0-0069Im in CCl; (ii) R K 
Et; 0-125mM im CCl,-dioxan; (iii) ~R Me, R’ Ph; 0-00732mM in CCl,; hk Me, 
R’ = Ph; 0-0121M in CCl,-dioxan; —.—.+-—- RR’'NH = piperidine; 0-0662m in CCi,-dioxan 


70 (i) 4 (ii) 4 


L ihe as 
3100 3300 3200 3100 +3300 
Wave number 


There is again little to be learned by observation of the NH frequencies of the solid 
complexes, mainly because of their multiplicity. Of the spectra of solid primary amine 
complexes shown in Fig. 6, that of trans-{PPr®,,Me-NH,PtCl,) is the simplest and contains 
three NH stretching bands. The other two spectra in Fig. 6 are of complexes containing 
p-toluidine with, in one case, di-n-propyl sulphide as the ligand in trans-position to the 
amine, and in the other case, tri-n-propylphosphine. !t can be seen that any attempt to 
correlate the NH frequencies with the donor properties of sulphur and phosphorus, in the 
manner successfully applied with dilute solutions,? would fail. For example, the frequency 
shift of the shortest-wavelength band, in passing from the sulphide to the phosphine complex, 
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is in the opposite sense to that of the longest-wavelength band. Especially noteworthy 
of the difference between the spectra of solid complexes and their solutions is the existence 
of a band at 3243 cm,' in the spectrum of solid trans-|Pr°,5,p-Me-C,HyNH,PtCl,), 
which has no counterpart in the spectrum of solid trans-{PPr",,p-Me-C,H,-NH,PtCl,| 
or in solutions of any of the primary amine complexes which we examined. The differences 
between the spectra of the solids render it doubtful whether bands due to corresponding 
modes of vibration can be identified in their spectra. 

(ii) Hindered primary amine complexes, as would be expected, are much less asso- 
ciated by hydrogen bonding than are complexes of non-sterically hindered primary amines. 
This is clearly demonstrated in the spectrum of trans-[PPr",,2 : 6-Me,C,H,’NH,PtCl,} in 
carbon tetrachloride solution (Fig. 7). It has only two NH stretching bands (3347 and 
3268 cm. ') at concentrations where the spectrum of the corresponding p-toluidine complex 
exhibits bands due to both the monomer and associated molecules. The spectra of the 
complexes of 2: 6-dibromo-4-n-dodecylaniline also show only two NH bands in solution. 
The bands attributed to the symmetric NH, stretching modes of these hindered amine 
complexes are appreciably broader and of lower peak height than the corresponding bands 
of non-hindered amine complexes. This may be caused by some interaction of the NH, 
group with the ortho-substituents. 

(3) Secondary amine complexes of the type trans-[PPr°,,RR’NHPtCl,} have little, if 
any, tendency to form intermolecular hydrogen bonds in solution. A small deviation of 
the NH absorption band from Beer's law indicates that complexes of the type trans- 
(CyHy, RR’NHPtCl,] may be slightly associated in solution but at concentrations under 
0-Olm the amount of association is negligible. Even in the spectra of more concentrated 
solutions only a single sharp NH stretching band can be seen.e Furthermore, intermolecular 
forces involving NH groups in the solid state must be small; for example, in the spectrum 
of solid trans-[PPr°,,Et,NHPtCl,] the NH frequency is only 14 cm.! lower than that 
found in the spectrum of its carbon tetrachloride solution (3240 cm.-') (Fig. 8). The 
spectrum of the analogous complex of N-methylaniline (Fig. 8) also has only one NH band 
in carbon tetrachloride solution (3261 cm.) but its tendency to form hydrogen bonds 
with dioxan is somewhat greater than that of the dialkylamine complexes, as will be 
described later, (The precise frequencies and intensities of the NH stretching bands of 13 
complexes of this class are listed in Tables 1A and 1B of reference 2; those of 10 piperidine 
complexes are also listed in Table 2 of this paper.) 

Lk ffects of the Ligands 1. and X on the Tendency of trans-|L,amPtX,} to form Hydrogen 
Bonds.—-Changing the ligands (L) and the halogens (X) causes more subtle changes in the 
association of the complexes of a given amine than does changing the type of amine. For 
this reason, quantitative estimates of the extent of association have been made with a series 
of complexes of the type trans-[L,p-toluidinePtX,). By measuring the deviation of the 
monomer NH bands from Beer's law and assuming that at low concentrations dimerisation 
is the principal associative step, an approximate association constant (A) for the dimeris- 
ation can be obtained (Table 1), 


laute lt. Association constants, K, for the dimerisation by hydrogen bonding of a series of 
complexes trans-|L,p-toluidinePtX,) at 25° 4- 1°. 
1r®,S Bu", SbPr, Aslr, PEt, PPe, PBu, PP, Bu%S PPr, 
Cl cl cl Cl | Cl ( Lr Br I 
77 77 35 24 15 is 15 75 23 
iI 


trans-(PPr*,,p-toluidinePdCl,| has K 2; trans-[PPr,,p-NHyC,H,CIPtCl,] has 


It is evident that the sizes of the alkyl groups in the ligands, L, have little effect on the 
extent of association by hydrogen bonding, but the nature of the donor atom in the ligand, 
L, has a marked effect. Evidently the differences in association are largely due to electronic 
effects. The effect of changing the electron affinity of the central metal atom has also been 
demonstrated by substituting palladium for platinum; this results in a lower association 
constant, 
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The extent of association also depends greatly on the nature of the halogen atoms, de- 
creasing rapidly in the order X = Cl > Br >I. The rapid decrease in association with 
decreasing electronegativity of the halogen X is to be expected if the association occurs 
through N-H +++ X bonds. This mechanism of association is also supported by the fact 
that the absorption due to hydrogen-bonded NH, groups is increased when trans-|(4-n- 
pentylpyridine),PtCl,| (A) is added to a solution of trans-|C,H,,p-toluidinePtCl,} (B) in 
carbon tetrachloride. By measuring the residual monomer N-H intensity, the constant 
for the equilibrium, A + B == AB, was estimated to be 62 + 10 at 25”. 

Effect of an Electron-donor Solvent.—The effects on the spectra of adding an electron 
donor (dioxan) to carbon tetrachloride solutions of the complexes were investigated in an 
attempt to relate the acidities of the NH group of the amine complexes to the tendencies 
to form hydrogen bonds. The absorption bands due to hydrogen-bonded NH groups 
were, however, too broad and frequency differences from one complex to another too small 
to allow us to do this. However, different types of complex behaved rather differently in 
presence of the dioxan. The solvent used consisted of 5 vol. of carbon tetrachloride to 
1 vol. of dioxan and the concentrations of the complexes were of the order of 0-02-——0-05m. 

(1) Ammonia complexes in the presence of a relatively high concentration of an electron- 
donor solvent such as dioxan exhibit neither of the two bands (A and C) assigned to the 
monomeric complexes (Figs. 1 and 2). The spectra are again complicated, that of trans- 
[PPr®,,NH,PtCl,} being more so than that of trans-|PPr°,,NH,Ptl,|. This fact, taken in 
conjunction with the spectroscopic data obtained from pure carbon tetrachloride solutions, 
indicates that, while the platinous iodide complex is to a great extent hydrogen-bonded to 
the dioxan, the corresponding solution of the platinous chloride complex contains a 
significant proportion of molecules which are self-associated. It can be seen from the 
diagrams, in which extinction coefficients are plotted, that the total absorption due to 
NH stretching fundamentals is greater in carbon tetrachloride-dioxan than in pure carbon 
tetrachloride as solvent. Russell and Thompson's observations of the effect of a change 
of solvent on band intensity ® indicate that a change of this magnitude cannot be due to a 
change in the refractive index of the solvent, and we conclude that hydrogen-bond form- 
ation (N-H<-X) increases the absorption intensity of the NH stretching modes. The same 
effect has been observed in the spectra of organic amides.® 

(2) Primary amine complexes of the type trans-|L,p-Me*C,HyNH,PtCl,| in carbon 
tetrachloride-dioxan solutions exhibit no band which can be attributed to non-hydrogen- 
bonded NH, groups (Fig. 4). Two broad bands (D’ and £’) are observed some 100-—150 
cm.~! lower in frequency than the bands due to the monomeric complex in carbon tetra 
chloride solution and there is also a weak shoulder (8’) near 3300 cm.-' which is most clearly 
apparent in concentrated solutions. This shoulder in the spectra of p-toluidine complexes 
is replaced by a well-defined band near 3320 cm.-! (B’ in Fig. 5) in the spectrum of the 
corresponding methylamine complex, and this parallels the difference between the bands 
due to associated molecules in carbon tetrachloride solutions. Steric hindrance of the NH, 
group of the aromatic amine, by ortho-substituents, reduces but does not completely prevent 
hydrogen bonding to dioxan. Thus the spectrum of trans-|PPr®,,2 : 6-Me,C,H,*NH,PtCl,} 
in carbon tetrachloride-dioxan solution (Fig. 7) has both bonded (3293, B’; 3244, 
D’; and 3143 cm., E’) and non-bonded (3344 cm.', A) NH stretching bands. The 
symmetric NH stretching band of the monomer (C) is evidently masked by the broad 
bands (B’) and (D’). 

Different halogen atoms attached to the platinum do not markedly affect the 
tendency of the NH, groups to form hydrogen bonds to dioxan. Even ¢rans- 
(PPr®,,p-Me-C,H°NH,Ptl,], which has little tendency to self-association, has no monomer 
NH bands in the spectrum of its carbon tetrachloride-dioxan solution. 

(3) Secondary amine complexes, where both of the groups attached to the nitrogen 
atom are aliphatic, have a single fairly sharp NH stretching band in carbon tetrachloride- 
dioxan solutions (Fig. 8) which is close in frequency to that observed in their carbon tetra- 
chloride solutions. For example, the NH frequency of trans-|PPr®,, Et, NHPtCl,} in carbon 


* Russell and Thompson, /., 1955, 479. 
* Davies, Evans, and Jones, Trans. Faraday Soc., 1955, $1, 761 
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tetrachloride solution (3240 cm.~) is shifted by only 2 cm.! on the addition of dioxan. 
However, the addition of dioxan does cause some broadening of the band on its low-fre- 
quency side (Fig. 8) which may indicate some interaction with the solvent. As can be 
seen from the diagram, this broadening is less marked in the case of the corresponding 
piperidine complex. The corresponding complex of the alkylarylamine, N-methylaniline, 
while showing no tendency for self-association in carbon tetrachloride solution (vq = 3262 ; 
Fig. 8), has two bands (3257 and 3228 cm.) in carbon tetrachloride-dioxan solution (Fig. 8), 
showing that some bonding to the solvent occurs. As a rule, however, the complexes of 
dialkylamines show only a slight tendency to associate with dioxan in carbon tetrachloride 
solution. 

We see from the above that if values of NH frequencies have to be obtained from solid 
complexes because of their insolubility in suitable solvents, it is safest to use secondary 
alkylamine complexes for the purpose. However, if the unperturbed NH frequency has 
to be known accurately to within a few wave-numbers, as for example in our studies of 
inductive and mesomeric effects in platinous complexes,? even measurements on solid 
secondary amine complexes are unsatisfactory. For example, the NH stretching 
frequencies of the complexes trans-(L,piperidinePtCl,) in solution and in the powdered 
crystal are listed in Table 2 in order of increasing NH frequency in solution. 


TawLe 2. NH stretching frequencies (cm.~) of the compounds trans-|L,pipPtCl,} in carbon 
tetrachloride (v, soln.) and in the solid state (v, solid). 
L® pepy pip Et,5 Et,Se Et,Te C,H, AsPr, P(OMe), SbEt, PPr, 
vy, soln 3217 3222 3223 3224-5 3230 3230 3232 3233 32385 3237 
v, solid ... 3189 3174 3200 3186 3193 3209 $235 3214 3203 3238 
* pepy = 4-n-pentylpyridine, pip = piperidine. 


It can be seen that the sequence followed by the values for solutions is different from 
that for solids. The difficulty of measuring unperturbed NH frequencies of the solid 
complexes is not overcome by using the KBr disc technique, as we have not found significant 


differences between the spectra measured by this method and those measured when using 
powdered suspensions in paraffin oil. 


DISCUSSION 


Our experiments indicate that in many ammines and primary amine complexes of type 
trans-(L,amPtCl,} there is strong intermolecular hydrogen bonding in the solid state and 
in solution. In inert solvents it occurs between the N-hydrogen atoms of the co-ordinated 
ammonia or amine and a chlorine atom of another molecule. That the hydrogen bonding 
is intermolecular is shown by the way the intensities of the NH stretching bands change 
with changes in the concentrations of the solutions (Figs. 1, 4, and 5), and by the fact that 
the addition of trans-{(4-n-pentylpyridine),PtCl,| to a carbon tetrachloride solution of 
trans-|C,H,,p-toluidinePtCl,) increases the amount of hydrogen-bonded NH in the solution. 
his suggests that the acceptor atom is the halogen, a conclusion which would also explain 
the rapid decrease in the association constants in the halide series, trans-{L,amPtX,], when 
Cl is replaced by Brand Brby I (Table 1). It is unlikely that this decrease in the tendency 
to associate as one halogen is replaced by another is due primarily to the steric effects of 
the halogens or to the electronic effects transmitted from the halogen to the N-H bond 
through the platinum atom, because the érans-[PPr°,,p-toluidinePtl,) appears to form 
hydrogen bonds to dioxan just as completely as does the corresponding chloro-complex. 

rhe NH frequencies of the complexes trans-[L,amPtX,} decrease as the halogen atoms 
X are changed from chlorine to bromine to iodine (see Table 3). This change in frequency 
is in the opposite sense to that to be expected from the relative electronegativities of the 
halogens (cf. ref. 2), This means either (a) that dative x-bonding from the platinum atom 
to the halogens increases markedly in the order Cl < Br < I, so that there is increasing 
electron drift from the platinum atom to the halogen atoms in the same order, or (6) that 
there is some intramolecular interaction between the NH bonds of a co-ordinated amine 
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and the adjacent halogen atom. A rapid increase in dative »-bonding from the platinum 
atom to the halogen atom would be in agreement with the sequence of the halogens in the 
trans-effect series, where iodine is known qualitatively to have a high érans-effect, about 
equal to that of the nitro-group.?_ In an attempt to resolve this point, we are now investi- 
gating similarly the complexes of other metals where dative -bonding will be less strong. 

The influence of the ligand, L, on the association and spectroscopic quantities is almost 
entirely electronic in origin. It is mainly inductive and is transmitted across the platinum 
atom, so changing the acidity of the NH group. The evidence for this and its relation to 
other spectral changes has already been discussed fully.? Steric effects of the ligands, L, 
on the association are small and close to the limits of error in measurement of the association 
constants (cf. the homologous series of phosphine complexes in Table 1). That electronic 
effects are important in determining the 
tendency of these complexes to associate is 
shown by the great reduction in association 
which occurs when platinum is replaced by 
palladium. This replacement has no effect on 
the size or shape of the molecule but the presum- 
ably weaker electron affinity of palladium(1) 
decreases the acidity of the NH group. _Inter- 
action between the filled d-orbitals of the metal 
atom and hydrogen atoms of the N-H bond 
and also lone-pair repulsion between the d- 
electron pair of the metal and p-electron pairs 
of the hydrogen-bonded halogen atom may be 
significant factors opposing association (see 
ref, 2). 

Attempts to interpret the NH stretching 
bands of the hydrogen-bonded complexes have 
led us to certain conclusions concerning the 
manner in which association of the primary 
amine complexes takes place in solution. The 
two lowest-frequency NH _ stretching bands 
(e.g., D and EF, Fig. 4) observed in the spectra pyc. 9. trans-[PEt,,p-Me-C,Hy-NH,PtCl,} : 
of carbon tetrachloride solutions of primary postulated stable configuration of the hydrogen- 
amine complexes have been assigned to bonded dimer. 
symmetric and antisymmetric NH, stretching 
modes of hydrogen-bonded molecules.* If this assignment is correct the frequency separ- 
ation of the bands requires that the two bonds of the NH, group maintain their equivalence 
or near equivalence in the associated molecules. Furthermore, the lack of any appreciable 
drift in the association constants with concentration indicates that dimerisation is the 
principal associative process at low concentrations (<00lm). A_ possible mode of 
association in which these requirements are fulfilled is shown in Fig. 9 for trans- 
[PEt,,p-Me-C,H,-NH,PtCl,]. However, the third region of absorption near 3325-3300 
cm.~! (B, Figs. 4 and 5), which is observed with higher optical path lengths and is particularly 
marked in solutions of primary alkylamine complexes, is not accounted for, This band 
(B) gives the spectrum of a 0-1m-solution of trans-{PPr°,,Me-NH,PtCl,) (Fig. 5) a certain 
resemblance to that of a dilute solution of acetamide.* Thus the NH stretching bands of 
monomeric acetamide in carbon tetrachloride solution are separated by a band due to 
associated molecules. This has been assigned ™ to a vibration of the free NH bond of an 
NH, group which forms only one hydrogen bond. It is unlikely, however, that the similar 
band (B, Fig. 5) in the spectrum of the platinous complex can be so assigned. Here it is a 
broad band, which also occurs in.presence of dioxan and so is more likely to be caused by a 


CH 


’ See Chatt, Duncanson, and Venanzi, /., 1955, 4456 

* Idem, Atti Accad. Naz, Lincei, Rend. Classe Sci. Fis. Mat., 1964, 17, 120 
* Davies and Hallam, Trans. Faraday Soc., 1951, 47, 1170 

Badger and Rubaclava, Proc. Nat. Acad. Sci, 1954, 40, 12 
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Taney 3. The frequencies (cm. ) of the NH stretching bands of some ammonia and primary 
amine complexes (trans-[L,amPtX,}) in solution. 


Solution in CCl, Solution in CCl, + 
Monomer * Bands due to associ- CHO, 


bands ated molecules 
3383 3336 3365 
3281 3243 § 3332 
3197 (3314 sh. 
3167 3254 
3172 
§ ~3420 sh. ~ 3322 § ~3355 sh 
t 3369 3236 t 3321 
3269 3184 3249 
3162 3166 


NH,Me 3347 3325 3322 
3284 3242 3251 
3140 3153 
6-Me,C Hy NH, 3346 3342 
3267 broad 3292 
$243 
3143 
Me-C,HyNH, 3346 211 t 
$275 3127 
MeC HyNil, 3342 3207 3229 
3271 3123 3134 
Me-C,HyNH, 3348 3218 3232 
$277 3130 3138 
Me-C,HyNH, 3348 $217 t 
3276 3126 
Me-C,HyNH, $337 3205 
$270 3122 
Me-C Hy NH, 3330 3194 
3264 3119 
MerC Hy NH, 3329 3196 
$262 3106 
»MeC,HyNH, 3328 3196 
3263 3118 
MeC, HigNH, 3331 3196 3216 
3265 3117 3111 
Me-C,HyNH, 3339 3215 3230 
3270 $125 3137 
Me-C,HyNH, 3328 3229 
3260 3133 
Me-C,HyNH, 3321 3196 t 
3266 3118 
C ,HyCHyNH, $332 ~$300 3306 
3268 3218 3234 
3120 3139 
pC HyC Hy Nu 3345 $213 $231 
gi bias 3 he 3275 $127 3137 
p-Crc Hy NH, 3346 $215 3231 
3274 3129 $134 
p-NOyC Hy NH, 3348 $208 3229 
3276 3125 3128 
NH,Et 3336 ~ 3300 t 
3271 3230 
3130 
p-substituted anilines do not include the absorption 


* The data for complexes with “am” 
' which are broad and difficult to locate in most cases 


bands (/!) of associated molecules near 3300 cm 
t Not investigated 
t Frequencies in the solid state: frans-[PPr®,NH,PtCl,), 3362, 3305, 3243, 3207, 3171; trans 
Pre, NH, Ptl,|, 3319, 3226, 3188, 3155; tans PPr®,,MeNH,PtCl,|, 3296, 3226, 3184; tans 
PPre,,2: 6-Me,C HyNH,PtCl,|, 3276, 3234, 3139; twans-[PPr,,p-MeC,HyNH,PtCl,), 3278, 3213, 
3174, 3129; trans-[Pre,S p-MeC Hy NH,PtCl,), 3274, 3246, 3217, 3200, 3174, 3134. 
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TABLE 4. Association constants, K, for the dimerisalion of trans-|L,p-toluidine,PtX,) im 
CCl, at 25° + 1 


SOI 3816 2644 1-970 O5384 O-ST74 
69-0 74-9 : 88-2 106-5 104-7 
0-640 ‘ 0-754 ODLL 0-895 

115 lly 116 114 . Mean 115 


Bu®,S, X = Cl 
5-46 3°28 2-73 ' 1-64 § 1-09 
72-9 82-3 85-8 os 94-5 95-6 97-0 
0-645 0-729 0-760 . 0-836 O-858 
78-2 78-0 781 , 71-6 S83 Mean 


Pre,S, X = Cl 
6-91 4-21 3-46 . 2-11 
68-6 79-3 81-7 . 90-2 
0-607 0685 0-724 . 0-799 
77:2 79-7 761 ‘ 76-7 Viean 


SbPr*,, X = Cl 
5-7 4-89 4°29 ‘ 2-84 2-60 2-19 O-775 0-516 
79-2 B14 82-4 . 87-2 88-0 Ole 97-9 90-6 
0-764 O-781 0-704 . 0-841 O85T 0-879 0-044 0-961 
35-7 36-7 38-0 ° 39-7 37-6 35-8 40-5 413 Mean 38 


at 
‘a 


4-51 3: 2-71 0-54 

S81 “ 93-2 101-3 

0-849 . 0-898 0-976 

23-2 , 23-3 23-3 Mean 23 


PPr*,, X Cc) 
6-68 6-27 4-60 3: 3°34 2-85 
85-1 86°3 91-2 “ 93-1 93-6 
0-826 O-8338 0-885 “BS! 0-004 0-908 
19-0 i8-4 15-9 9 17-7 19-5 Wr Mean 18 


PEt,, X Cl 
4°48 3-61 2-73 2-66 202 6-574 
00-3 93-3 06-0 98-9 102-7 
0-362 O891 O-917 922 0-945 OSI 
20-6 19-0 18-1 . 15-4 17-5 Mean 18 


Bu,*S, X Br 
5-5 3°31 2-75 1-66 1-38 1-10 O55 0 
97-6 1OlLO 103-6 1083 1084 112-8 115 
0-849 O878 O9O1 O-910 0942 0-043 O-Os1 
19 24 22 20 . 24 29 18 Mean 2: 


PPr,; X br 
5-95 3°58 2-96 2:15 1-50 
93-9 96-6 97-8 98-2 99-2 
0-9255 0-9520 06-9637 09677 0-9775 
7-31 7-40 6-63 7-99 7:85 Mean 7 


2-94 235 1-76 1-47 1-17 
779 76°58 76-0 776 759 
(no association) 
Cf. also : 
trans-(PPr®,,p-toluidinePdCl, |} 
c 5-80 4:54 3°78 245 0-647 0 
e 7845 7897 79-74 7969 80:20 BOD 
a 09545 09810 09907 0-9900 09963 
K 2-32 2-18 1-26 2-08 2-29 Mean 2 
* Allc in 10* mole/! 
Intermolecular association of trans-[C,H,p-toluidinePtCl,| and frans-(pepy,PtCl,], 
Cy 0-003225 mole /l ‘ ! 117 
Cy (mole/l. » . y § OSE & 190 
e ' ee y a1: 68°75 62°21 
A bs i) 66 
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hydrogen-bonded NH bond. In fact, the resemblance between the spectra of amides and 
of the primary amine complexes is probably only superficial; we think it more probable 
that the existence of this band (B) in the spectra of our complexes depends on the existence 
of more than one configuration of the complexes in solution. The different configurations 
arise from intramolecular rotation of the amine about the N-Pt axis. We assume that 
the configuration shown in Fig. 9 is that which permits the formation of the most stable 
hydrogen bonds. Replacement of the flat aromatic ring by a more bulky alkyl group would 
reduce the stability of this configuration relative to that obtained by rotation of the amine 
about the Pt-N bond through an angle of 90°. Hence, solutions of primary aliphatic 
amine complexes contain a higher proportion of molecules in the configuration which forms 
weaker hydrogen bonds than do solutions of corresponding primary aromatic amine com- 
plexes. Then if the symmetric .((NH,) band of the weakly hydrogen-bonded dimer over- 
laps to some extent with the asymmetric v(NH,) band of the strongly bonded dimer, so 
that the observed very broad band D (Figs. 4 and 5) is a composite band, the observed 
difference between the intensities of the bands due to associated molecules (B, D, and E£) 
of the alkyl- and arylamine complexes can be explained. This interpretation of the 
absorption bands due to associated molecules implies that the effect of the alkyl group 
relative to the aryl group will be to increase the intensities of the two higher-frequency 
bands at the expense of the lower-frequency one. Comparison of Figs. 4 and 5 shows this 
effect clearly, both for self-association and for association with dioxan. 

Our experience in the above work indicates that great caution is necessary when inter- 
preting the spectra of ammine and primary amine complexes in the solid state, or in solution 
in electron-donor solvents. If it is impossible te make measurements with the compounds 
in dilute solution in inert solvents, the best alternative is to study the spectra of secondary 
alkylamine complexes in the solid state. Even under these conditions, however, lattice 
forces may produce spectral changes which are of similar magnitude to those due to the 
intramolecular electronic or steric effects about which information is required. We have 
but few data relating to octahedral complexes, but it seems probable that similar consider- 
ations will apply to them as to the planar complexes of platinum. 


EXPERIMENTAL 

The spectra of the carbon tetrachloride solutions of the complexes were measured as previ- 
ously described * by using a Grubb-Parsons S3A spectrometer fitted with a lithium fluoride 
prism. The preparation of the complexes has also been described.** The spectra of solids 
were obtained from suspensions of the powdered specimens in mineral oil. A mixture of 5 vol. 
of dry carbon tetrachloride and 1 vol. of ‘‘ AnalaR ’’ dioxan was used as the solvent to obtain 
the spectra of the complexes in the presence of an electron donor, and solutions in this solvent 
mixture were examined in a cell of path length 0-031 cm. The accuracy of calibration was 

+ Lem. for bands due to monomeric complexes in carbon tetrachloride solution and +4 cm. 
for the broader bands due to associated molecules. 

Association constants, These were estimated by measuring the deviations from Beer's law 
of the antisymmetric NH stretching bands of the monomeric complexes and assuming that at 
low concentrations (<0-007m) dimers are the principal associated species. In order to mini- 
mise the effect, which is small in the concentration range used, of interference by the absorption 
due to associated molecules near 3300 cm.-!, the 100% transmission line was drawn as the 
common tangent to the energy curve at the transmission maxima immediately on each side of 
the absorption band, The extinction coefficients for a number of concentrations of a given 
complex were calculated from ¢ = log,, (7,/7)/cl, where / is the cell length in em., ¢ the molar 
concentration, and T, and 7 are the incident and the transmitted light intensity respectively. 
Extrapolation of « to zero concentration gave the extinction coefficient of the monomeric 
Association constants were obtained from the expression K = (1 — «)/2a*c, where 
a = e/ey ~ fraction of the total number of molecules present as the monomer. 

The extent of association through hydrogen bonds between two different species of complex 
molecules was estimated by adding various amounts of trans-[(4-n-pentylpyridine),PtCl,} (B) to 
a carbon tetrachloride solution of trans-(C,H,p-Me-C,HyNH,PtCl,) (A). By measuring the 
extinction coefficients of the residual monomer band (e), [A] was obtained from [A] = C,e/e,, 
where C, is the known initial concentration of A, The association reaction is A + B=" AB 


complex (¢,) 
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and its equilibrium constant K’ is given by K’ = [AB){[A} "(3)". The constant K for self-associ- 
ation of A is given by K = [A,}[A}*. 
Writing C, as the known initial concentration of L, we have 


C, = 2K[A}* + [A] + [AB] 


Cy = (B) + (AB) 
and hence [B] == 2K[A]}* + [A] — C, + Cy 
[AB) = Cy ~ 2K[A}* — (A) 
giving K’ = (C, — 2K[A}* — (A) A}(24K[A}? 


The authors thank Mr, H. A. Willis and Mr, P. Fydelor of Imperial Chemical Industries 
Limited, Plastics Division, for preparing the potassium bromide discs, 


AKERS RESEARCH LABORATORIES, IMPERIAL CHEMICAL INDUSTRIES LIMITED, 
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536. Infrared Spectra and Structure of Some Quinone Monoximes. 
By D. Hap71. 


Infrared spectra have been investigated for the monoximes of p-benzo 
quinone and 1: 4- and 1 ; 2-naphthaquinone (both isomers) as well as of their 
deuterium-substitution products. It has been found that the oxime formul 
ation correctly represents the structure of these compounds in the solid 
state, and that this structure predominates also in their chloroform solutions, 
However, 1: 2-naphthaquinone 2-oxime seems to exist in the (chelated) 
nitroso-form in solution in carbon tetrachloride. Probable assignments 
have been made of the C=O, C=N, and N~O stretching bands and the OH 
deformation band. The O-H stretching frequercies are discussed in 
connection with hydrogen bonding. 


RECENTLY, it has been shown by Havinga and his associates * on the basis of electronic 
spectra that p-nitrosophenol exists in solution as the phenol along with the quinone oxime 
whereas it seems to be in the latter form only in the solid state. The same authors have 
found | : 4-naphthaquinone oxime to be the predominating tautomer in solution. Burawoy 
and his associates * have similarly shown that o-benzoquinone oxime forms solutions in 
which the phenolic tautomer prevails, but that | ; 2-naphthaquinone l-oxime exists in 
this form only. Jaffé* has calculated by the molecular-orbital method that the oxime 
form of p-nitrosophenol should be the more stable. 

The present investigation aims at assigning some of the characteristic infrared bands 
for this group of compounds, besides bringing additional evidence as to their structure, 
particularly in the solid state. Special interest is paid to the OH bands and to hydrogen 
bonding. It includes the spectra of the deuterated monoximes of 1 : 4-benzoquinone and 
of 1: 4- and 1 : 2-naphthaquinones, and of the normal compounds. The spectra of some 
of the oxime ethers and metallic derivatives were recorded for reference, but will not be 
discussed in detail here. 

Region between 1700 and 700 K (= cm.~!)*.—The spectra of the quinone oximes have 
certain features in this region in common, two of which in particular may be used as evidence 
of structure. The quinone oxime structure requires the presence of a band due to the C=O 
stretching mode, which (see Fig. 1) is between 1618 and 1668 k in the spectra of solids, and 
between 1632 and 1680 k in the spectra of chloroform solutions. The wave numbers of 


* For use of k (Kayser) for cm.~* see Editorial Report on Nomenclature, ]., 1955, 4497 
' Schors, Kraaijeveld, and Havinga, Rec, Trav. chim., 1955, 74, 1243 

* Burawoy, Cais, Chamberlain, Liversidge, and Thompson, /., 1955, 3727 
+ Jafié, Jj. Amer. Chem. Soc., 1955, 77, 4448 
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the C=O bands of the oximes in solution are not much different from those for quinones ‘ 
(benzoquinone 1667; 1: 4- 1675, and 1: 2-naphthaquinone 1678 Kk). A point for com- 
parison is also the wave numbers of the C=O bands of the oxime ethers: with 1 : 2- 
naphthaquinone l-oxime ether it is 1660 k, and with the 2-oxime ether 1670 k (both solid). 
The extremely small wave number of the carbonyl stretching band of 1 : 2-naphtha- 
quinone l-oxime is due to chelation, which is shown also by the OH stretching band 
(discussed below). 

The oxime structure requires also a C=N stretching band. In the spectra of simpler 
oximes,® this appears between 1618 and 1660 kK, which is slightly lower than the position of 


11. Infrared spectra of ; benzoquinone monoxime (A); 1: 4-naphthaquinone monoxime (B) ; 
1: 2-naphthaquinone 2-oxime (C), and |; 2-naphthaquinone \-oxime (D). (Solids, mulled.) 
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the corresponding carbonyl band. Strong bands with even smaller wave numbers (1520-— 
1570 «) are found in the quinone oxime spectra as well as in the spectra of the two oxime 
ethers investigated, but are absent from the spectra of the corresponding quinones. Thus 
they may be associated to some extent with the C=N group, and their small wave numbers 
explained in terms of a strong conjugation with the quinonoid double bonds, particularly 
the C=O group, and subsequent reduction of the double-bond character of the C=N bond. 
It is interesting to note that the C=N bands in the spectra of aromatic aldoximes and 
ketoximes tend to be weak,® whereas the bands now discussed are strong. This is probably 
due to an increase in bond polarity owing to conjugation. However, a motion of the 
hydroxylic group seems also to participate in the vibration mode giving rise to the bands 

* Josien, Fuson, Lebas, and Gregory, J. Chem, Phys., 1953, 21, 331 

* Palm and Werbin, Canad. J. Chem., 1953, $1, 1004; Duyckaerts, Bull. Soc. roy. Sci. Lidge, 1952, 
106 
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near 1550 x. This follows from the observed small shift of these bands to smaller wave 
numbers after substitution by deuterium (cf. Fig. 2), ¢.g., in benzoquinone oxime from 
1555 to 1508 kK, and in 1 : 4-naphthaquinone oxime from 1562 to 1518 k. Smaller shifts 
on deuteration are observed also with the C=O band. The probable cause of these shifts 
is the interaction of the vibrations of the double bonds with the in-plane deformation 
vibration of the hydroxyl group. Both vibrations are of the in-plane type and have 
similar frequencies, as will be shown further below, and can thus interact.6 A number 
of cases of the interaction of bending vibrations of the hydroxy] group with other vibrations 
having similar frequencies and belonging to the same symmetry type have been 


Fic. 2. Deuterated quinone monoximes. Letters refer to analogous compounds as in Fig. | 
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observed.7** A band which might be connected with the OH bending mode is the 
strong one appearing near 1440 k, It is strongly reduced on deuteration and is weaker 
also in the spectra of solutions. Bands due mainly to the OH bending have been observed 
previously in this region,”* 1 but have smaller wave numbers for simple oximes ** and 
hydroxylamine itself. However, in hydroxylamine hydrochloride, a band at 1663 k 
has been assigned to this mode." If 1440 x is taken as the position of the 3OH band in 
the quinone oxime spectra, the corresponding 30D band may be expected to appear near 


* Herzberg, “Infrared and Raman Spectra of Polyatomic Molecules,” D. van Nostrand Co., New 
York, 1946, p. 194 

? HadZi and Sheppard, Proc. Roy. Soc., 1953, A, 216, 247 

* Bratoz, Hadzi, and Rossmy, Trans. Faraday Soc., 1956, §2, 464 

* Mecke and Rossmy, Z. Elehtrochem., 1955, §9, 866 

 Giguére and Olmos, Canad, J, Chem., 1952, 30, 821 

'! Palm and Werbin, ibid., 1954, 32, 858 

'® Giguére and Liu, tbid., 1952, 30, 948 
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1100 x. In the spectra of deuterated benzoquinone oxime and 1 : 2-naphthaquinone 
2-oxime there are new bands at 1092 and 1086 kK, respectively, and they may be assigned 
to the 8OD mode, The situation is less clear in the case of 1 : 4-naphthaquinone oxime, 
in the spectrum of which this band seems to coincide with a strong one at 1100 K, and 
appears as a shoulder on the side of larger wave numbers. Similarly, in the spectrum of 
deuterated 1: 2-naphthaquinone l-oxime, only a shoulder on the strong band at 1055 x 
is observed. This compound differs from the others also in that the presumed 3OH band 
at 1455 k is weak, and that no substitute with smaller wave numbers appears on deuteration 
for the disappearing band at 1526 k. However, this compound differs from the rest in 
the type of hydrogen bonding, as will be shown below, and this might explain also the 
different appearance of the 30H band. 

It is interesting that 30D bands have been found ® between 930 and 970 kK in the spectra 
of associated phenols, which is considerably lower than in the present case. It has been 
suggested ® that the position of the 8OD band is characteristic of the type of compound 
to a certain degree, and therefore the assignment of the band near 1100 K to this vibration 
mode makes the phenolic nature of the hydroxyl improbable in the compounds investigated, 
in agreement with the oxime structure proposed, 

Another strong and characteristic feature in the spectra of quinone oximes appears 
between 975 and 1075 kx. This band is shifted slightly for solutions but more so in some 
cases after deuteration. It is found within the above limits also in the two spectra of the 
oxime ethers. Consequently, it is assigned to the N-OH stretching, although it appears 
to have a slightly larger wave number than in the spectra of other compounds containing 
this group. In particular, it has been found ™ between 927 and 957 kK in the spectra of 
simple oximes. In the case of 1: 2-naphthaquinone 2-oxime, two alternatives exist for 
the assignment to the N-O stretching band, #.¢., 932 and 1069 k. Although the former is 
stronger and shows a slightly larger shift after deuteration, the latter is assigned to the 
N-O group on following grounds: In the spectra of the sodium and the potassium salts 
of quinone oximes, the N—O bands are expected to have larger wave numbers because of 
the resonance between structures (1) and (II), enhancing the double-bond character of 
this bond. In fact, strong bands are found in the salts of both 1 : 2-naphthaquinones 
near 1200 K instead of the bands near 1070 K in the spectra of the original oximes, whereas 
the band near 930 K appears also in the salts of | : 2-naphthaquinone 2-oxime. 

The relatively large wave numbers of the N-O stretching bands in the present cases 
may be explained, together with the relatively small wave numbers of the C=O and C=N 
bands, by a considerable contribution of structures of the type (III). 


o- 


N=0 N=OH* 
(i) (11) 


The effect of this type of structure is increased by hydrogen bonding, and this is 
reflected in the considerable shift of the N-O band towards smaller wave numbers in the 
spectra of solutions (Table 1). 

The spectra of the quinone oximes contain several strong bands in the region between 
700 and 900 K. They belong mainly to the out-of-plane vibrations of hydrogen atoms. 
Although the y-CH bands are characteristic of the type of substitution in aromatic and 
unsaturated compounds, no additional evidence of the structure could be drawn in the 
present cases. A comparison between the spectra of appropriately substituted benzene 
and naphthalene derivatives with quinones failed to show a reliable point of distinction. 
This result is not surprising, since in both types of structures the number of adjacent 
hydrogen atoms is the same, and this is important for the appearance of the y-CH bands.” 


" Colthup, J. Opt. Soc, Amer., 1950, 40, 397 
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In this spectral region the y-OH band (out-of-plane deformation mode) is also expected 
to appear. It may be identified with the bands at 890 and 825 K in the spectra of benzo- 
quinone oxime and of 1: 4-naphthaquinone oxime, respectively, since these bands 
disappear on deuteration. The band at 770 k in the spectrum of naphthaquinone 2-oxime 
seems to have rather small a wave number, but there is no other band in the neighbourhood 


Some characteristic absorption bands (kK) of quinone monoximes. 


Peaks near Peaks near 

Compound 3000 k, A * 3000 k, B* v¥OD,A 
: 4-Benzoquinone monoxime 3166; 3050; 2835; 2770 3540; 3200; 2845 2300; 2140 
: 4-Naphthaquinone monoxime 3165; 3068; 2027; 2845 3550; 3245; 3060 2202; 2155 
; 2-Naphthaquinone 2-oxime 3210 3555; 3225; 2836 2375 
: 2-Naphthaquinone l-oxime 2700 2700 2000 
: 2-Naphthaquinone I-methoxyimine 
: 2-Naphthaquinone 2-methoxyimine 


= 

F _ , - ~, WEN, §OH, 4OD, vN-OX, A wN-OH, »N-OD, 

No. simple, A B deuterated, A A A A (X H or CH;,) B A 
1628 1648 1632 1555 1450 1092 1037 1025 1030 
1630 1655 1626 1577 1442 1095 sh 975 968 os 
1668 1680 1663 1550 1432 1086 1069 1060 1065 
1618 1632 1616 1526 ? 1060 sh 1075 1078 1055 
1670 . - 1515? 1058 
1660 = 1520? -- 1010 


* A = solid, B = solution in CHCl, (saturated, 0-3 mm. cell). sh shoulder. 


to disappear on deuteration. There is no distinct band to disappear from the spectrum of 
1 ; 2-naphthaquinone 1-oxime, but it is possible that the y-OH band coincides with the 
strong one at 857 K, a shoulder on this band being reduced after deuteration. 

Region between 2000 and 3600 Kk, and Hydrogen Bonding.—-The spectra of individual 
oximes differ considerably in this region. The oximes of benzoquinone and | ; 4-naphtha- 
quinone in the solid state show strong and broad absorption bands centred around 
2900 K, bearing several peaks (Fig. 3). These bands are due to the stretching of bonded 
OH groups, and some of the subsidiary maxima may arise from combination or overtones 
reinforced by the interaction with the vOH vibration mode. In solution (saturated in 
CHC1,, 0-3 mm. cell), this absorption is replaced by two strong and broad bands, and a 
third, sharp band with a larger wave number. The latter is certainly due to the stretching 
of free hydroxyl groups. The appearance of two bands due to bonded hydroxy! groups 
has been mentioned in connection with simple oximes," but no adequate explanation has 
been offered. The possibility has been mentioned of two types of association, O-H - -« » O= 
and O-H---N, respectively. This can be eliminated in our case, because one distinct 
carbonyl band only can be found in solution, whereas two would be required by the above 
scheme, one due to bonded carbonyl and the other to free groups. Geometrical isomerism 
with subsequent differences in the strength of the hydrogen bonding is possible with 
1 ; 4-naphthaquinone oxime, but not with the benzoquinone oxime. The splitting of the 
vOH band appears also in the spectra of solid substances, and it may be particularly well 
observed in deuterium-substituted compounds (Fig. 3b; since the spectra of the two 
compounds discussed are very similar, only one is reproduced). Resonance splitting due 
to interaction of vOH vibrations in the hydrogen-bonded polymer appears improbable in 
view of the size of splitting (about 150 k in the deuterated solid), Interactions with lattice 
vibrations are also improbable, since the extent of the splitting is about the same in both 
compounds, which differ considerably, however, in size and shape of the molecules. The 
splitting may be an inherent characteristic of the hydrogen bond, as it seems to be with 
several other substances, ¢.g., sulphinic acids, seleninic acids, 3-hydroxytropone, 4-hydroxy- 
pyridine oxide, etc.'* 

1 : 2-Naphthaquinone 1-oxime has quite different absorption in this region. Amstutz, 
Hunsberger, and Chesswick !® could not detect any vOH band, but in sufficiently thick 

Califano and Liittke, Z. phys, Chem., 1966, §, 240. 


'® Bratoz and Hadizi, unpublished work. 
'* Amstutz, Hunsberger, and Chessick, J. Amer. Chem. Soc., 1951, 78, 1220. 
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layers of the solid, or in concentrated solution in carbon tetrachloride (0-2 mm. cell), a 
very weak and broad absorption appears, centred at about 2700 k. An analogous band 
appears in the deuterated compound at about 2000 k. Such broad and weak vOH bands 
have been met with in compounds where the hydroxyl group is part of a chelate ring, as 
in enolised diketones,)7 hydroxyquinones,’* and hydroxyazo-compounds.™ In the 
present case chelation explains also the small difference in position of the carbonyl band in 
the spectrum of the solid substance and its solution. 

Although chelation would be possible on steric grounds also in | : 2-naphthaquinone 
2-oxime, it does not occur as shown by a strong band et 3210 kK in the spectrum of the 
solid compound. For its solid deuterated analogue there is alse a single band only at 
2375 K, whereas two strong bands appear again with its solution in chloroform. In carbon 
tetrachloride, however, a very weak and broad absorption centred at about 2800 k is 
apparent, very similar in shape and intensity to that for 1 : 2-naphthaquinone 1-oxime. 
rhis type of absorption indicates that | : 2-naphthaquinone 2-oxime also is chelated in 
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4-Naphthaquinone monoxime : solid (A), deuterated solid (BR), oxime dissolved in 
CHCI, (C) 
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carbon tetrachloride in contrast to the intermolecular association in the solid state and in 
concentrated solution in chloroform, Under the latter conditions, the oxime necessarily 
has a configuration which is anti to the carbonyl group. The observed chelation in carbon 
tetrachloride indicates either that a transformation occurs to the sym-configuration with 
retention of structure (this might occur without large energy requirements if the 
nitroso-form is assumed as intermediate), or that the compound is altogether in the nitroso 
form. The latter form also permits formation of a strong intramolecular bond O-H «+ -O-N. 
A decision between the alternatives cannot be reached by means of infrared spectroscopy 
because of the low solubility of the substance in carbon tetrachloride. The absorption 
of the hydroxyl group could be recorded only by using a 5 cm. cell, and the rest of the 
spectrum was then obscured by the solvent absorption. An attempt to solve this point 
by measuring the electronic absorption was thwarted by the low solubility: only a 1 em. 
cell could be used with the instrument available and a saturated solution of the 1: 2- 
naphthaquinone 2-oxime gave a slight absorption peak at 725 my. The extinction was at 
the limit of sensitivity of the instrument, hence the molar extinction coefficient could be 
only estimated and was found in several measurements to be of the order 50—100. This 
band might be indicative of the nitroso-form,” particularly because it does not appear 
in the chloroform solution of the same substance in which the oxime form has been shown 
to predominate, This result is rather surprising since the isomer, | : 2-naphthaquinone 
l-oxime, also chelated, exists under all conditions in the oxime form,* but support comes 
from the relative solubilities: 1: 2-naphthaquinone l-oxime is readily soluble in carbon 
tetrachloride, the isomer only very sparingly so. 
'? Rasmussen, Tunnicliff, and Brattain, ]. Amer. Chem. Soc., 1949, 71, 1068 
'* Had#i and Sheppard, Trans. Faraday Soc., 1954, 60, 911 


'* Hadi, /., 1956, 2143 
*” Hertel and Lebok, Z. phys. Chem., 1940, 47, B, 315 
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Experimental.—The substances were prepared and purified by conventional metheds. 
Deuterated benzoquinone oxime was prepared by recrystallisation from D,O. No exchange 
occurred in CH groups since a solid sample of the deuterated material regained the spectrum of 
the ordinary compound on exposure to the atmosphere for 2 days. Other oximes were deuter- 
ated by a technique described previously.” The spectra were recorded on a Perkin-Elmer 
spectrometer model 21 equipped with a rock-salt prism. Paraffin oil and hexachlorobutadiene 
were used for mulling the solids. The chloroform used as solvent was an analytical reagent, 
containing about 0-5% of ethanol, and was not further purified. The carbon tetrachloride was 
refluxed over phosphoric oxide. 


The author thanks the van t’Hoff Fund for a grant for the purchase of the optical materials 
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Liittke (Freiburg i. B.). 
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537. The Reduction of $-Alkylnaphthalenes, 
By A. S. Baugy, J. C. Smirn, and C, M. STAVELEY. 


Catalytic hydrogenation of four $-n-alkylnaphthalenes to the tetrahydro 
stage gave, in all cases, an approximately 2:1 mixture of the 6- and the 
2-n-alkyl-1 : 233: 4-tetrahydronaphthalene, 


Repuction of the naphthalene nucleus may yield dihydronaphthalenes, tetralins, or 
decalins, depending on the reagent used, and can occur in either the substituted or the 
unsubstituted ring. For example, with sodium and pentyl alcohol a-naphthylamine 
gives 5-aminotetralin* whilst §-naphthylamine affords 2-aminotetralin.* In many 
investigations only the major product of the reduction has been isolated, Several 
authors * 4% 7 have reported that hydrogenation of a 2-substituted naphthalene with 
nickel catalysts gives predominantly the 6-substituted tetralin. In the particular case 
of the 2-alkylnaphthalenes both chemical * and physical’ analysis demonstrated the 
presence of only the 6-alkyltetralin. As pure specimens of 2- and 6-alkyltetralins * were 
available in this laboratory, it was decided to re-investigate the reduction of a series of 
2-alkylnaphthalenes. 

Hydrogenation of l-alkylnaphthalenes gives a mixture of Il- and 5-alkyltetralins, 
separab'e by fractional distillation.* © This method of separation was not used for the 
mixtures of 2- and 6-alkyltetralins because of the smaller differences in boiling points.* 
(5-Ethyltetralin has b. p. 248-0°, l-ethyl- has b. p. 239-4°: difference, 86°. 6-Ethyl- 
tetralin has b. p. 246-5", 2-ethyl-, 242-6°: difference, 3-0°.) The physical properties of 
the alkyltetralins used for analysis were the infrared spectra and the refractive indices, 
Mixtures of 2- and 6-alkyltetralins of known composition gave smooth curves when their 
refractive indices were plotted against composition. The infrared spectra of the tetralins 
were measured ; two characteristic absorption maxima for each tetralin were selected, and 
paired, and the spectra of the mixtures measured in a standard 0-1 mm. cell. The differences 
in optical density for each pair of maxima were plotted against composition, giving a smooth 
curve. 

For these methods of analysis to be accurate the reduction product of the alkylnaphtha 
lene must consist only of the two alkyltetralins and must contain no decalins or unreduced 

' Bamberger and Althausse, Ber., 1888, 21, 1786 

* Bamberger and Miller, ibid., p. 847. 

* Musser and Adkins, /. Amer. Chem. Soc., 1938, 60, 664 

* Fieser and Jones, ibid., p. 1940 

* Adkins and Davis, tbid., 1949, 71, 2056 

* Schroeter, Ber., 1921, 64, 2242. 

’ Lévy, Ann. Chim. (France), 1938, 9, 5, 

* Staveley and Smith, J. Inst. Petroleum, 1956, 42, 55; Vailey and Staveley, ibid, p. 97 


* Hipsher and Wise, /. Amer. Chem. Soc., 1954, 76, 1747 
Karo, McLaughlin, and Hipsher, thid., 1953, 75, 3233 
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alkylnaphthalene. Raney nickel is reported *.* 5 to give mixtures of tetralin contaminated 
with naphthalene and decalin. The most satisfactory catalyst for hydrogenation of 
naphthalenes to tetralins is copper chromite since this is inactive to the benzene nucleus 
and decalins are not formed.*.* 1! 1-Alkylnaphthalenes have been reduced with this 
catalyst,® and no tetralin or unchanged alkylnaphthalene was detected. 

Measurements of refractive index of the hydrogenation product usually indicated a 
higher proportion of the less refractive component (the 2-alkyltetralin) than did the 
infrared spectra; this may have been due to lowering of the refractive index by traces of 
impurity in the mixture. The rate of change in refractive index of mixtures of 2- and 
6-alkyltetralins with change in composition is small; for example a 10%, difference in 
composition of the 2-n-propyltetralins corresponds to a change of 0-0006 unit in refraction. 
It is thought therefore that more reliance should be placed on the infrared spectra. 

The results show that the products obtained by catalytic hydrogenation of four 2-alkyl- 
naphthalenes consist of mixtures of the 2- and 6-alkyltetralins, the 6-isomer constituting 
60 45°, 

Reduction of naphthalene with sodium and ethanol gives 1 : 4-dihydronaphthalene, 
whilst reduction with sodium and pentyl alcohol yields tetralin; '* Vesely and Kapp ™* 
examined the sodium-ethanol reduction of 1- and 2-methylnaphthalene and found (by 
oxidative methods) that the unsubstituted ring was reduced. Lévy? observed that 
reduction of 2-ethylnaphthalene by sodium and pentyl alcohol gave a product containing 
97°, of ethyldihydronaphthalenes (by bromine titration), but did not examine the product 
further. We have repeated Lévy’s work and confirmed the fact that this reduction 
proceeds only to the dihydro-stage; the product was then reduced to the tetrahydro-stage 
with palladium-strontium carbonate at room temperature (it was shown that 2-ethyl- 
naphthalene itself was unaffected under these conditions). The product was a mixture of 
2- and 6-ethyltetralin containing 52—58%, of the 6-isomer; the product from copper 
chromite reduction of 2-ethylnaphthalene contained 61—66%, of the 6-isomer. 

rhese results show that, contrary to most statements in the literature, reduction of a 
2-alkylnaphthalene gives rise to both the 2- and the 6-alkyltetralin, the proportion of the 
isomers being approximately 1 : 2. 


EXPERIMENTAL 


M. p.s and b. p.s were determined with short-stem Anschiitz thermometers; infrared spectra 
were measured on a Perkin-Elmer spectrophotometer, on slit schedule 4, as liquids, in a 
i mm, cell 

2-Alhylnaphthalenes.-A pure specimen “ of 2-methylnaphthalene, m. p. 34-2°, was available. 

Ihe other aikylnaphthalenes were obtained by acylating naphthalene in nitrobenzene 
solution and reducing the pure products by Huang-Minlon's procedure. Methyl 2-naphthyl 
ketone, m. p. 53—-64°, gave 2-ethylnaphthalene, b. p. 118°/13 mm., m. p. —7-3°, n® 1-5999 
(picrate, m, p. 77-——77-5°) (lit. _m, p. —7°, nf? 15999; picrate,m. p. 77°), Ethyl 2-naphthyl 
ketone, m. p, 60°, gave 2-n-propylnaphthalene, b. p, 127--128°/8 mm., m. p. —3-9°, nf 1-5878 
(lit.,” m. p 3°, n® 15872), 2-Naphthyl n-propyl ketone, m, p. 54°7-—-55°, gave 2-n-butyl 
naphthalene, b. p, 145°/9 mm., m. p. —6-1°, n?? 1.5776 (lit. m. p. —5°, ni? 1-5776). 

rhe preparation of pure specimens of 2- and 6-alkyltetralins has been described previously.® 

Methyltetralins *—-2-Methyltetralin, n? 1-5267, had suitable infrared bands at 9-00 and 
#01 uv, and 6-methyltetralin, ## 1-5352, at 10-16 and 11-63 ». Properties of mixtures are 
tabulated (O.d optical density). 


2-Methyltetralin (%) ny Odie ~ Ogos O.digg — O.4.so16 
20-4 5329 0-203 0-085 
46-5 5312 0-096 0-257 
64-0 5208 0-008 0-403 
Hydrogenation product ‘5310 0-160 0-186 


* Adkins and Reid, J. Amer. Chem. Soc., 1941, 68, 741 

'* Bamberger and Lodter, Ber., 1887, 20, 3075; Bamberger and Kitschelt, Ber., 1890, 23, 1561 
'* Straus and Lemmel, Ber., 1913, 46, 232; Strauss, ibid, p. 1051 

* Vesel¢ and Kapp, Coll. Creech. Chem. Coll., 1931, 3, 448 

'® Morrell, Pickering, and Smith, /. /nst. Petroleum, 1048, 34, 677 

'* Bailey, Pickering, and Smith, ibid., 1949, 36, 103 
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2-Methylnaphthalene (20 g.) in ethanol (100 c.c.) was hydrogenated in the presence of copper 
chromite catalyst (4 g.) at 220° for 6 hr.; the initial pressure of hydrogen at room temperature 
was 117 atm. After removal of the catalyst and solvent the residue distilled at 129-—132°/16 
mm. The absorption at 3200 A was too small to be measured, showing the absence of 2-methyl 
naphthalene. The refractive index of the product, #? 1-5310, indicates 52%, of 6-methyltetralin ; 
the infrared data show 61-64% of 6-methyltetralin 

Ethyltetralins,—2-Ethyltetralin, n? 1-6252, had suitable infrared bands at 9-1 and 10-14 p, 
and 6-ethyltetralin, ni? 1-5322, at 10-30 and 11-654. Properties of mixtures are tabulated 


2-Ethyltetralin (°%,) ny Od 
31-2 5309 0-225 
SOO “207 0-098 
65:6 ‘H283 0-036 
Hydrogenation product “O204 0-166 


10 30 Odi y0s 


2-Ethylnaphthalene was hydrogenated at 190-—-199° as described for 2-methylnaphthalene ; 
the product had b. p. 105——108°/13 mm. and the extinction at 3200 A indicated less than 0-3% 
of 2-ethylnaphthalene, The content of 6-ethyltetralin was 48°, (by refractive index), 61—65% 
(from the infrared spectra). A solution of 2-ethylnaphthalene (15 g.) in boiling n-pentyl alcohol 
(150 c.c.) was treated with sodium (15-5 g.). When all the metal had reacted the solution was 
poured into water, and the organic layer was separated, washed with water, dilute hydrochloric 
acid, and water, and distilled; the fraction of b. p. 116——118°/12 mm. had w? 1-556 (Lévy? 
reports nj) 15551). It was unsaturated to permanganate. A sample (13 g,) in ethanol (30 ¢.c.) 
was hydrogenated in the presence of palladised strontium carbonate at room temperature and 
4 atm. (1 mol. absorbed), The solution was filtered, the solvent removed, and the residue 
distilled; the distillate was stirred with sodium and redistilled Che product had O.d,,, 
Odd. soe 0-099 and O.d.,,65 — O.d..944 = 0-262. The infrared data thus indicate 
52-—-58%, of 6-ethyltetralin. 

n-Propyltetralins.—2-n-Propyltetralin, nf? 15202, had suitable infrared bands at 9-63 and 
10-60 u, and 6-n-propyltetralin, n? 1-5263, at 10-1 and 11-0 yu. Properties of mixtures are 
tabulated 


2-n-Propyltetralin (%) - Od O.d.in9 O.d.¢.¢5 — 0.4.5. 
19-7 1-53 0-625 o-192 
51-5 O21 0-067 
53-3 12% O19 0-068 
724 1-52: O355 O-313 
Hydrogenation product 1- 0-441 O-050 


2-n-Propylnaphthalene was hydrogenated at 150° (initial pressure of hydrogen, 112 atm 
at 20°). The product, b. p. 129-——132°/16 mm., nf? 15245, had ¢ 7-93 at 3190 A, indic ating ca 
13%, of unreduced »-propylnaphthalene, This will increase the refractive index by 0-0008; 
the corrected refractive index is therefore 1-5237, corresponding to 47% of 6--propyltetralin ; 
the infrared spectra indicate 60---63% of the 6-isomer 

n-Butyltetralins.—-2-n-Butyltetralin, ni? 15161, had suitable infrared bands at 9-65 and 
10-60 uv, and 6-n-butyltetralin, ni? 1-5220, at 10-1 and 11-0 yu. Properties of mixtures are 
tabulated 


2-n-Butyl tetralin (°%,) ni? 0.4. 49.6 — O.4.a p56 0.4. 19.5 ~ O16 ges 


32-2 H202 0-055 0-100 
46-9 5195 0-060 0-020 
70-7 ‘Hist 0-232 182 
Hydrogenation product “5193 0-012 0-068 


2-n-Butylnaphthalene was reduced as described for 2-methylnaphthalene; the product had 
b. p. 150-—152°/20 mm., and the extinction at 3200 A was too small to be measured. The 


90 


content of the 6-isomer was 52%, by refractive index and 62-64%, by infrared spectra. 
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538. The Lowest Singlet Excited Levels of Naphthalene. Part Il 
Restricted Calculations. 
By R. Lerenvee and C, M. Moser. 


Restrictions are introduced in the calculations of the lowest singlet excited 
levels of naphthalene reported in Part I. The present results indicate that 
the calculation of accurate excitation energies is still difficult. Nonetheless, 
the new calculations make possible a much more certain characterisation of 
the near-ultraviolet spectrum of naphthalene than was possible in Part 1. 
One of our calculations closely follows the semi-empirical theory developed 
by Moffitt for the spectra of polycyclic hydrocarbons. It is shown that a 
relation exists between the characterisation of the transitions in the schemes 
proposed by Moffitt and by Dewar and Longuet-Higgins. 


Tue results given in Part I! for the calculations on the near-ultraviolet spectra of 
naphthalene were inconclusive. Which of the two lowest singlet-singlet transitions 
'Ay, —— 'B,, or 'Ay, —e 1By, would be the weaker and thus correspond to the lowest 
transition observed in the spectrum was not evident. In this paper two more restrictions 
concerning (i) certain molecular integrals and (ii) molecular orbitals will be introduced in 
an attempt to clarify this point. 

(i) The value of the integral 
an = gn H%y ds . . . ‘ ’ . ‘ ’ (1) 


(where K is any carbon centre in the molecule) will be restricted. 
Use of the hypotheses proposed by Pariser and Parr # gives for a, (cf. Pople ¥) : 


au K Wap + HKK|KK) + % [PKK] . Se ae ae 


where W., is the ionisation potential of an electron in a 2p-orbital in the valence state of 
carbon, |AK|KK) is the two-electron coulomb integral, where both electrons are on the 
same centre, and [p|KK) is the penetration integral between neutral atom p and 
distribution |y «|*. 

rhere are three different ways of calculating a,. 

(4) The penetration integrals are given an approximate value and only the carbon 
skeleton of the molecule is specifically considered. This was the method adopted * in the 
calculation of the self-consistent field orbitals used in Part I. The value of ag then depends 
on K as some of the carbon atoms are linked to three other carbon atoms and the others to 
two. The self-consistent field orbitals which are computed from these values of a, are not 
related by pairs of bonding and antibonding orbitals as in the Hiickel theory.® 

(5) If a point-charge approximation is used to estimate the values of the atomic 
integrals, all penetration integrals vanish; a, is independent of K. This is the procedure 
that Pople® used. The self-consistent field orbitals calculated from this approximation are 
necessarily paired, as in the Hiickel approximation, 

(c) The same paired property of self-consistent field orbitals can be obtained without 
implying the neglect of the penetration integrals. If the hydrogen atoms were specifically 
included in the calculation of the penetration integrals, the difference in the values of a, 
found in (a) should be much smaller, It has been tacitly assumed by Pariser and Parr * that 
if penetration integrals with hydrogen atoms are considered the values of a¢ should be equal. 

In this paper, it will be assumed that the value of a, is independent of K. We believe 
that this property follows from (c) rather than from (0). 

(ii) Only molecular orbitals will be used in which the bonding and antibonding orbitals 


' Part I, Lefebvre and Moser, /., 1956, 1557. In the last textual line of p. 1559 the first transition 
should be described as A,, — B,,. 

* Pariser and Parr, J. Chem. Phys., 1953, 21, 466, 767. 

' Pople, Trans. Faraday Soc., 1953, 49, 1375 

* Moser, J. Chim. phys., 19565, 52, 24 

* Coulson and Rushbrooke, Proc. Camb. Phil. Soc., 1940, $6, 193 
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are paired. Of the three sets considered in the first paper, only the Hiickel and cyelic 
orbitals obey this restriction; only calculations based on these two sets will now be 
considered. 

Pople ® used ground-state self-consistent field orbitals to describe the excited states of 
naphthalene and showed that it is possible to reproduce Dewar and Longuet-Higgins’s 7 
empirical theory for the characterisation of the ultraviolet spectrum in*a scheme where 
electron repulsion is introduced in every step of the calculation. It can be shown that 
exactly the same mathematical development is possible when one uses (i) the approxim- 
ations described by Pariser and Parr * to calculate the molecular integrals, (ii) the restriction 
of equal values of «x, and (iii) any set of molecular orbitals in which the bonding and anti 
bonding orbitals are paired. The development does not depend on the use only of self- 
consistent field molecular orbitals for the ground state. 

Application of the Approximations due to Dewar and Longuet-Higgins and to Pople to 
Different Models of Naphthalene.—The purpose of this paper is to present several caleul- 
ations made with application of these three conditions. The results of the calculations are 
summarised in the Tables. 

(i) Calculations have been made by using Hiickel and cyclic orbitals as in Part I, that 
is by using experimentally determined bond lengths (Tables 1 and 2), The values for the 
atomic integrals have been given previously.‘ 


Effects of introducing equal values of a, in the calculation made with the 
Hiickhel orbitals 
Wave-functions 
0-784 'V%7 — 0-621 'V4* 
0-707 CY so? ‘ ry ) 
0-621 'Y,%? 4 0-784 V4 
0-707 (OF 57 4. He) 


TABLE 1. 


f-values 
O02 
0-00 
2-47 
2-50 


Energies (in ev) 
4-710 
4704 
6-644 
6-638 


Level a, 
First B,, Unequal 


Second B,, 


TABLE 2. Effects of introducing equal values of a, in the calculation made with the 
cyclic real orlntals. 


Wave-functions 


Level a, 


First B,, 


Second B,, 


Unequal 


Equal 


0-707 OY %? 4 18%) 
0-636 a ed = 0-772 1y 4 


0-707 (E75? 


iy’ 4%) 


TABLE 3. 


Before configuration interaction 
Hickel 


energy 
(ev) 
7 4-346 
i- 4,7 
ips ) 


\ 
iz ,¢. 7 


5792 


7-378 


f 
0-53 


1-09 
0-64 


Cyelic 


energy 
(ev) 
4204 
6-026 


6-875 


f 


0-50 
1-53 


0°35 


0-772 FW %? + 0-636 'V,** 


Energies (in ev) 


3-074 
3-836 
5-481 
6-760 


f-values 
0-02 
0-00 
3:43 
4°27 


Alter configuration interaction 
Hickel 


energy 
(ev) 
4161 
4:722 
6-762 
7-563 


Cyclic 


energy 
(ev) 
4-086 
4-586 
6-903 
7-466 


3-80 


(ii) Two different calculations have been made in which all bond lengths are assumed 


to be equal, 


In Table 3 it has been assumed that all values of fy are equal when ¢ and j 


are neighbours (By = 


[renters and fy values for non-neighbours have been calculated 
from the formula : 


where fy 


Coulomb attraction integral between ¢ and 7. 


by 


Bi’ — 4Pyitt\yy 


yz Hyat, Py is the bond order between atoms + and j, and {7/77} is the 


6 Pople, Proc. Phys. Soc., 1955, A, 68, Sl. 
' Dewar and Longuet-Higgins, ibid., 1954, A, 67, 795 


(3) 


In Table 4 it has been assumed that all 
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values of 6 are equal when atoms 7 and 7 are neighbours; all values of 6, have been 
calculated from eqn. (8). 

The values assigned to the atomic integrals and those calculated for molecular integrals 
for the models of equal bond lengths are given in Table 5. 


. TABLE 4. 
Before configuration interaction After configuration interaction 

Huckel Cyclic Hiickel Cyclic 

energy energy energy energy 

(ev) (ev) (ev) 

4-586 “bE 4-289 4-314 

4-403 4120 

5 560 ° 6343 7-000 

6597 5834 
5 563 0-28 —— - - 


TABLE 5. 
Values over atomic integrals (ev) (for numbering used, see Part 1). 
10-53 : J 7:30 {10, 10|33) 
7:30 {27 | 5:46 [10, 10) 44) 
546 (22) 55) 4-90 10, 10/55) 
400 2% j 3°38 10, 10) 66) 
546 (2% 2-82 (10, 10|77)} 
479 22/88) 2-93 (10, 10/88} 
3°38 22/99) 3-79 {10, 10} 99) 
3-79 5°46 
5-46 
7:30 Buf 2-39 ev 
(b) Values over molecular integrals (ev) 

Hiickel orbitals Cyclic orbitals Hiickel orbitals lic orbitals 
O74 5 674 Phd , 0-104 
0-790 0-790 se? f 0-239 
5620 5-606 78 557 0-772 
O-D57 0-772 
0-679 0-513 
5-044 6-037 

Hiickel orbitals Cyclic orbitals 
Table 3 Table 4 Table 3 Table 4 
7 5-982 7 5443 a 5-943 a 5-287 
a 4-216 a 4-336 a 4145 a 4°336 


In Tables 1 and 2 the results for the 'By, class have not been included, for they are 
identical with those given in Part |. This is so because the values of «% do not appear in 
the quantities eg — «, and e, — e, (for a definition of this notation see Part 1) even if a, is 
dependent on K. 

It will be seen that the assumption that all bond lengths are equal has had a considerable 
effect on the mixing of the two 'By, functions. In Table 3 this mixing is nearly negligible, 
but it is somewhat larger in Table 4. 

The most important difference between the calculations reported here and those in 
Part Lis that now the two 'B,, functions are always degenerate ; this is essential for the theory 
of Dewar and Longuet-Higgins to characterise the near ultraviolet spectrum of naphthalene. 

rhe order of levels predicted by these calculations varies rather considerably. From 
lable 1 the order is: #By,, 1Be,, 1By,, 1B; from Table 2: 1B,,, WBo,, 'Be,, 'By,; from 
lable 3: 'Bg,, By, Boy, 'By,; from Table 4 (Hiickel): 'Bg,.481,,'B,,,'Be,; from Table 4 
(cyclic): 'By,, "Bey, "Bey, By. Relatively small changes in the model used therefore produce 
large changes in the results of the calculation of excitation energies. This is indeed unfor- 
tunate, for it means that the calculation of the order of levels is still difficult. This is par 
ticularly important in a semi-empirical procedure, such as we have used, where the value for 
the atomic integrals is chosen empirically, There are several procedures which can be used 
to assign values for the atomic integrals. A Referee has suggested that the calculation of 


(1956) Excited Levels of Naphthalene. Part 11. 2737 


the order of levels might be less hazardous if the values of the atomic integrals were taken 
from experimental measurements. Already the value of the integrals [11j11} and fy are 
taken from experimental data; it is possible that at least some of the others might also be 
obtained in this way. 

Despite the uncertainty of the order of levels, the characterisation of the near ultra- 
violet spectrum of naphthalene is possible, because always there is found in these 
calculations an 'A,, —» 'B,, transition of zero intensity and, consequently, always less 
intense than that of the '4,, — ‘Bg, transition. 

We tend back to Dewar and Longuet-Higgins’s original point, which is to try to 
characterise the various transitions and then make the correspondence with the experi 
mentally observed bands. This is particularly easy in the case of naphthalene since 
the observed bands possess rather different characteristics. It is just because rather 
wide choices of molecular orbitals, bond lengths, and atomic integrals all give the essential 
characterisation suggested by Dewar and Longuet-Higgins that it is possible to be 
confident in their assignment. It is plausible that the best choice of orbitals and atomic 
integrals would fall somewhere within the limits of the values used here and in Pople’s 
calculation. 

Mofftt’s Theory.*~—The theories due to Dewar and Longuet-Higgins and to Moffitt both 
show how the first band system in the ultraviolet spectrum of naphthalene could result 
from a very weak but nonetheless allowed transition. The results described in the previous 
section show that the essence of Dewar and Longuet-Higgins's theory is reproduced by 
using functions built either from Hiickel or cyclic real orbitals. 

In this section we shall indicate the mathematical development for the wave functions 
built on complex orbitals. The numerical results will be the same as those computed from 
cyclic real orbitals because of the identities which exist between the two sets of functions 

Part 1; eqn. (10)}. Our purpose now is to introduce electron repulsion by using the many 
electron Hamiltonian at every stage in Moffitt’s theory, as Pople has done for the theory 
of Dewar and Longuet-Higgins. Also, the relation between the theories due to Moffitt and 
to Dewar and Longuet-Higgins will be briefly discussed. 

The cyclic complex orbitals have the form : 


6, 10+ & exp [2miKL/10)xx (L =0, 4 = se. 


In the ground state the orbitals up to L }-2 are doubly occupied. 

The following four functions can be formed from the four lowest singlet mono-excited 
wave-functions of the truly cyclic molecule (exciting an electron from L L2toL 3) 
which satisfy the symmetry requirements for naphthalene 

Ox = (Vy *? + Y,*9)/4/2 Oy = PV, ** + Y,* *)/4/2 

Oy Gy, 2,3 23) fi 2 @y on 2,3 ys 4) /iv/2 S (5) 
@, and ©, transform as By,, and Oy and @y as B,,. Moffitt has proposed that the 
energies associated with these functions should be located empirically. The mixing of the 
functions that belong to the same symmetry class is brought about by a perturbation 
operator which is a sum of undefined one-electron operators ?, 

(a) /ntroduction of explicit operators. The many-electron Hamiltonian will be used to 
form the secular equation, The diagonal elements are 


[Owe H@w dr IF Ss , (Ss,0"* ea") 
Jo. HO, dz = 'E,2 4 4 (0, 42? — 2, 8%). . 6) 


with W = X (— sign) or Y (+ sign) and Z = U (- sign) or V (+ sign); 'E,‘/ and &,,”" 
have been defined in Part I. 

For benzene similar formula reproduce the lowest singlet excited levels in the 
Goeppert-Mayer and Sklar ® approximation, except that here there is additional splitting 


* Moffitt, J. Chem. Phys., 1954, 22, 320 
* Goeppert-Mayer and Sklar, ibid., 1938, 6, 645 
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due to some of the integrals ¢,,”" which are zero for the cyclic molecule and other than zero 


wd 
for naphthalene. 
tecause of the lower symmetry of naphthalene compared with that of the hypothetical 
cyclic molecule, there are the following off-diagonal elements in the energy matrix : 


[ox H @rdt =e 434 a ee a 
- 


' <4 p 3,3 
ify,.2 + Om Ce *) + Oe g® 


For By, symmetry, S = X and T = U; for By, symmetry, S = Y and T=V. The 
minus sign before the second bracket holds for By, symmetry, the plus sign for B,, 
symmetry 

If we call H®” the operator 


ou 
Heer He | > 
then eqn. (7) can be rewritten as : ; 


[0s H@sdr =H, STH She A,, . |. 


+ 


2 
RigeHdiros sid tnoow aang, 


f 


with 
As,1 Cao + hash? F Ogg? +t en”? - + « (10) 
rhe upper sign in eqns. (9) and (10) refers to By, symmetry and the lower sign to By, 
symmetry 
setween the four orbitals 6, 6.4, 63, 0 and the four real orbitals ¢,, $5, %,, and ¢, 
(where ¢, and ¢, are the two highest bonding orbitals, ¢, and ¢, the two lowest antibonding) 
there exist the relations : 


by = (9% + 9.9)/4/2 $y = (93 — 9.5) /t4/2 
ds = (0, — 9.4)/t4/2 o, =(0,4+6,)/4/2 . . . . (II) 


by using these relations, Ay » (eqn. 10) can be rewritten in terms of integrals over real 
orbital: 
A (for By) = (J4g — 2Kgg — J5,.7 + 2Kz,2)/2 enmity Ae 
A (for By,) J s.6 = 2K 5,4 _ Jar -} 2K,,7)/2 


It can be shown (cf. Pople ®) that under the conditions of this calculation J, 4 = J5,, and 
Ky4 = Ks, Thus A (for By,) = 0. In eqn. (10) for the B,, class only the first two terms 
on the right remain. 

Except for the term Ay,» there is a parallel with the formule that Moffitt has obtained. 
The °°" operator here plays the same réle as the operator P in Moffitt’s formulation. It 
is interesting to recall that the explicit introduction of electron repulsion in the simple 
LCAO-MO theory also corresponds to a replacement of an undefined one-electron operator 
by the SCF operator. 

Hecause of the restrictions used here, only the quantities frat Hrd o(K # L) appear 
in the off-diagonal elements of the H®°¥ operator. Eqn. (9) for the B,, class can be written 
(cf. Moffitt’s quantity yp) 


H.g.s° + Hyg? = (4 SY’ Lexp (Bni(K + L)/10) fxx*H* yds. (13) 
Lok 


where the double summation is taken only over the pairs of atoms for which (K +- L) is 
even. In this case the atoms K and L are either both starred or both unstarred so that 


fx ",,de = 0. Thus eqn. (13) is zero. The functions @y and Oy do net mix. 


The empirical procedure and the procedure in which electron repulsion has been explicitly 
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introduced give the same results for the B,,, class of functions. Eqn. (9) for the Bg, class 
can be written (cf. Moffitt’s quantity ) : 


Jox* HOv a: (5)? SY exp [Oni(K 4 L)/10) [ex H9% ps ds + Aaet' Oe 
L>K 


The summation is taken only over the pairs of atoms for which (K + L) is odd. Eqn. (14) 
could be simplified by assuming that only values of §, for nearest neighbours are other 
than zero and in that case equal. [These restrictions are much more severe than have been 
used in the calculations but they are analogous to those used by Moffitt.) As a result there 
would remain in eqn. (14) only the terms due to the cross-bond and the term A (for Bg,). 

It is not easy @ priors to say whether the value of eqn. (14) is likely to be large or small, 
The mixing depends on the specific values assigned to the integrals. From the calculations 
reported in Part I and in this paper we find the following results : 

(0-29 ev (experimental bond lengths, from Part 1) ; 

1-34 ev (this paper, Table 3); 0-49 ev (this paper, Table 4). 

It will perhaps be well to recall that small mixing of functions built on complex orbitals 
is equivalent to large mixing of functions built on real orbitals. 

(b) Relation with Dewar and Longuet-Higgins's theory. Between the functions @,, y and 
the singlet mono-excited functions built on real orbitals there are the relations : 


Oy (47 + WS 9 /4/2 Oy (ays? - IY 5%) /4/2 
Oy = (57 + IV 4%/ 472 Oy = (OFS7— 49/72. (15) 


From eqn. (15) there is another formulation of the off-diagonal matrix elements : 
fox H @y dt = DEA? — 18,5 9/2 fou H @y dv = DES? — EA 9/2 (16) 


This is entirely equivalent to the previous formulation. It shows that the non-mixing of 
the functions Oy and @y can be understood from a different viewpoint. The two levels 
1F,*7 and 1£,** are degenerate, The non-mixing of the two functions, that Moffitt has 
constructed for the 1B,, class, is a consequence of the degeneracy of the 'B,, functions 
considered in Dewar and Longuet-Higgins’s theory. 

Three points need to be briefly discussed. 

(i) The non-mixing of the B,, functions, which is necessary for the characterisation 
of the ultraviolet spectrum that Moffitt has made, is possible with a variety of values for 
the atomic integrals, the complex cyclic orbitals always, of course, being used. It is not 
necessary to make use of the rather severe restrictions that Moffitt introduced to arrive at 
this result. $8, , can be considered as a function of bond length and included even for non- 
neighbouring atoms. Dewar and Longuet-Higgins’s theory is even more flexible than 
Moffitt’s for the characterisation of the spectrum is possible with a variety of both molecular 
orbitals and atomic integrals. 

(ii) In the explicit treatment of both empirical theories it is not possible to predict with 
any great accuracy whether the mixing of the By, functions will be small or large. The 
amount of mixing depends on specific values assigned to the molecular integrals. 

(iii) While the cyclic real orbitals ¢, and 4, correspond to the two highest bonding 
Hiickel orbitals for the case of naphthalene, this would not necessarily be so for all 
polyacenes. It is possible that for a large polyacene with many cross bonds the two highest 
bonding cyclic real orbitals would not correspond to the two highest bonding Hiickel 
orbitals. For such a molecule the characterisation of the spectrum by the two empirical 
theories would not be precisely the same. 
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539. IJnterrelationship between Viscosity and Boiling Point of 
Homologous Liquids. 


By Santi R. PALI. 


A number of empirical relations have been deduced between boiling point 
and viscosity for certain homologous series, Use has been made of a function 
4M, where these symbols have their usual significance, 
STARTING from Telang’s absolute viscosity equation,! which is based on Eyring’s rate 
theory and the “ hole” structure of liquids,? Palit * deduced the following equation cor 
relating the viscosity 7, surface tension y, density p{= 1/v,,), and molecular weight M, 


of a homologous series 


log (,M) kyy(M»v,, yi4 me ee? ft ORS AT ee ra 
where /, and k, are constants whose values are given by the equations : 

k 1401N!/2-303RT — 0-165 x lO*% (at 20°) . . . (2) 
k 


} 
2 = (log ANd.) [tq "(Vq, — Dap,)* Asay ibe ale Rie’ eke her PS 
where N, h, R, and 7 have their usual significance and b,, is the van der Waals constant 


per gram, #.¢., the actual volume of the molecule per gram. According to equation (1) 


log 4M should increase linearly with molar surface energy at a rate of about 4% per unit 
change in molar surface energy. The available experimental data are found to be in very 
good agreement with the above equation.* 

Viscosity and Boiling Point.—By combining with equation (1) the E6étvés equation, 
y(Mv,,)! K,(T, 1), and the Guldberg equation, 7, #7,, where T, is the boiling 
point (at 760 mm.) in °K, we obtain the following simple relation for a homologous 


SCTICS 


Sag 4ndt) ee Md + Mg eis oh te he a’ Wie TD 
i.¢., nM = Const. * exp. (m,T,) eng Ce 2 


where m, and m, are constants and m,, if Ky = 2-1, is given by 


m, = tk, Ky = 5-2 « 104 per degree at 20 pre ce the &® 


According to equation (4), log 4M should increase linearly with the b. p. at a rate of 
slightly more than 0-5% per degree, 1,¢e., about 3}-fold per 100° change in b. p. This 
equation assumes the validity of Eétvés and Guldberg’s equations and that Ky is the same 
for all members of a homologous series; such conditions obtain approximately in non- 
associated liquids but not for associated liquids. Fig. 1 demonstrates the above linearity, 
and it is noteworthy that the slope of 6-7 x 10% at 20° is near the theoretically expected 
slope of 52 « 10%, Unfortunately, we could not make a more extensive test of this very 
simple relation owing to lack of data for other non-polar homologous series. 

[his equation cannot be tested for higher hydrocarbons because the viscosity data are 
not available and the b, p.s under normal pressure are difficult to obtain, It has been 
shown * that In 4 can be replaced by 100g9/ 4) in the above equation, where gg is the density 
is the intrinsic viscosity which is obtainable from viscosity measurements in 
solution; 7, can, of course, be determined at reduced pressures though the data available 
are not very accurate, It is noteworthy, however, that 100p,/y) +- In M is a linear 
function of 7, at 15 mm. for C,,—-Cg, straight-chain hydrocarbons. Data on [»] are 
available from the work of Meyer and van der Wyk as recalculated by Mark and Tobolsky,°® 


and [7 


' Telang, /. Chem. Phys., 1949, 17, 556 
* Glasstone, Laidler, and Eyring, '’ Theory of Rate Processes,"” McGraw-Hill, New York, 1951, p. 488 
' Palit, Jndian |. Phys., 1962, 26, 627 


4 Jdem, thid., 1955, 28, 65 
* Mark and Tobolsky, “ High Polymers,’’ Vol. II, Interscience Publ., New York, 1950, p, 289 
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and 7, at 15 mm. is taken from Egloff's work.* This linear relation is shown as curve B in 


Fig. 1. Since 7, at 15 mm. is about }7, at 760 mm., we should expect the slope to be 
nearly thrice the theoretical slope, t.¢., $ x 2303 x 52 « 10° 1569 x 10%. This 
compares well with the observed slope of 14:7 « 10° 


T, for line B 
320 420 520 


bia l Relation between viscosity and 
boiling point of n-paraffins 

Curve A: log (7M) versus T, for C,—C,, 
hydrocarbons (Data for yn at 20° from 
Doolittle, /. Appl. Phys., 1951, 22, 1032; 
data 7, from Eglofi.*) 
urve B: 100p{y) + In M versus T, at 
15 mm. for C,,—C,, hydrocarbons 
(Data for |y) from Mark and Tobolsky ;* 
data for 7, from Egloft.*) 
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Pic. 2. Relation between viscosity 
and molecular weight of n-paraffins 
Curve A: log (gM) versus M# for 
Cy—-Cy, hydrocarbons 

| Curve B log (nM) versus 
(20,500n— 7000)! for Cy—Cy, 
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Since the slope is expected to be practically the same for all non-associated liquids, it 
can be shown that log (7'M’/,M) would be linear with A7,, where AT, is the difference in 
1, values for the monohalogen derivative and the parent hydrocarbon, and 7/ and M’ are 


* Eglofi, “’ Physical Constants of Hydrocarbons,”’ Vol. I, Reinhold Publ. Corp., New York, 1939 
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values for the monohalogen derivative corresponding to 4 and M. Varshni? has, however, 
shown empirically that on passing from a hydrocarbon to a monohalogen derivative, AT, 
is inversely proportional to 7, -+- 7;'; we should therefore expect the above logarithmic 
quantity to increase linearly with 1/(7, + Ty’); ¢., »M(hexane)/nM(chlorohexane) 
should be less than ,M(heptane)/,M(chloroheptane) and so on, i.¢., the viscosity of the 
hydrocarbon should approach that of the monohalogen derivative the more closely as we 
ascend the series. Though the scanty data available tend to support this conclusion, no 
systematic data are available to test it adequately. 

Viscosity and Molecular Weight.—Many empirical relations between 7, and M or n 
(the number of carbon atoms) have been proposed. If we eliminate 7, between any of 
these relations and our equation (4), we obtain an equation correlating 4 and M or n. 


y [m/a] a 10” tor line A 


hic. 3. Relation between boiling point 
and (A) molar surface energy and (B) 
molecular weight. 

Curve A: Ty, versus molar surface 
energy for C,—C,, hydrocarbons 
{Surface tension and density data 
from Quale, Day, and Brown (/ 
Amer. Chem. Soc., 1944, 66, 935), 
and for b. p. from Egloff.*) 

Curve B: T, at 15 mm. versus M8 for 
Cye Cys hydrocarbons. (Data for 
T, from Egloff.*) 
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However, such equations are quite different from ours, for we have introduced the function 
»M, which has not been used before. For example, Walker's equation,® that of Aten ® for 
paraffin mono-derivatives, and that of Egloff, Sherman, and Dull !° for hydrocarbons give, 
respectively, equations (6), (7), and (8), which are illustrated in Fig. 2 and are seen to be 
fairly accurate. 


log 7M = AM! 4-C ee eres 
log 7M = A(20,500n)! 4 C gig Se spl eae 
log nM =Alog(n+44)+C ..... . 8) 


One simple corollary of equations (1) and (4) may be pointed out. Since log 4M is 
linear with molar surface energy and also with boiling point, it follows that 7, is linear 
with molar surface energy, as can be shown also by combination of Eétvés and Guldberg’s 
equations. Although this relation is empirical, we may remark, first, that it is quite 
accurate at least for hydrocarbons as is shown in Fig. 3, Curve A, and secondly, that it 


’ Varshni, J. Indian Chem. Soc., 1953, 30, 169 

* Walker, /., 1804, 66, 193, 705. 

* Aten, /. Chem. Phys., 1937, 5, 260 

” Egloti, Sherman, and Dull, /. Pays. Chem., 1040, 44, 730 
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indicates that b. p. should increase linearly with M* as we ascend a homologous series, 
i.e., Lt M —» «~, T, ~ aM* + b. This is shown for a few straight-chain hydrocarbons 
from C,, to C,, in Fig. 3, wherein we have plotted 7, at 15 mm. against M!; it is seen 
that the curve tends to a constant slope with increasing M. 
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540. The Kinetics of Hydrogen Isotope Exchange Reactions. Part V.* 
Partial Rate Factors for the Hydrogen Isotope Exchange Reaction 
between Toluene and Sulphuric Acid. 


By V. Gorp and D. P. N. Satcue tt. 


For protium—deuterium exchange the partial rate factors referring to the 
ortho-, meta-, and para-positions in toluene have been found to be 83, 1-9, and 
83, respectively, in 68% aqueous sulphuric acid at 25°, These values are 
compared with the corresponding factors found for other electrophilic 
substitution reactions, 


VARIOUS investigations have established that hydrogen isotope exchange between aromatic 
compounds and mineral acids is an electrophilic substitution reaction. A recent kinetic 
study of the reaction * indicated that its mechanism may be somewhat more complex than 
that which at present suffices to explain the results obtained in other cases.4 It was felt, 
therefore, that a comparison between partial rate factors ¢ referring to exchange and those 
referring to other substitutions would be interesting. The rate of loss of deuterium from 
monodeuterobenzene to sulphuric acid under homogeneous conditions being known,? it 
was only necessary to study the relevant exchange rates of those benzene derivatives for 
which data concerning other reactions were available for comparison. Toluene was 
chosen first because from this point of view it is the most thoroughly studied benzene 
derivative. In addition, it was expected to offer convenient exchange rates. 

Results for toluene, analogous to those now reported for homogeneous exchange, have 
recently been obtained in heterogeneous exchange experiments with tritium.“* These 
are discussed later. 


EXPERIMENTAL 

Preparation of (p-*H}Toluene.—It was unnecessary to obtain a sample completely free from 
light toluene and therefore no special modification of the standard Grignard procedure was used, 
The product from the reaction of ethereal p-tolylmagnesium bromide with deuterium oxide was 
treated with solid carbon dioxide to destroy excess of Grignard reagent, ‘The solid products 
were decomposed with ammonium chloride, and the ether layer was separated, washed with 
water, and dried (CaCl,). Deuterotoluene was obtained in 60% yield by fractional distillation, 
No isotope analysis was performed but, as judged from previous experience and that of other 
workers, the product probably contained less than 20 mole % of C,H,. [o4H,)/Toluene and 
[m-*H,}] toluene were prepared similarly from the appropriate Grignard reagents, 

Procedure for Kinetic Experiments,—-The rate of loss of deuterium from the prepared toluenes 
was studied as a homogeneous reaction. 

[p*H]Toluene was allowed to react with five different sulphuric acid-water mixtures having 
H,, (Hammett’s acidity function) values varying from --3-57 to —5-96. The ovtho- and meta- 
isomers were studied with only one acid (H, = - 5-28) but the runs were duplicated, The 

* Part IV, J., 1955, 3622. 

t A partial rate factor for any reaction is the relative rate of attack at a particular nuclear position 
in an aromatic compound, the rate for one position in benzene being taken as unity 

' (a) Ingold, Raisin, and Wilson, J., 1936, 1637; (+) Best and Wilson, /., 1938, 28; (c) Olsson and 
Melander, Acta Chem. Scand., 1964, 8, 523; (d) Lauer and Day, /. Amer. Chem. Soc., 1965, 77, 1904 

* Gold and Satchell, J., 1965, 3609, 3619, 3622. 

* See Ingold, “ Structure and Mechanism in Organic Chemistry," Bell and Son, Ltd., London, 
1953 

* Melander, Svensk Kem. Tidsky., 1055, 67, 51 
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experimental procedure was similar to that used for benzene * but, since toluene is less soluble 
in aqueous mineral acids, it was necessary to use ~0-1 ml, samples dissolved in ~400 ml. of acid. 

Method of lsotopic Analysis.—Under the conditions used, the exchange reaction is a first- 
order process.* For kinetic purposes it is only necessary to determine how the isotopic content 
of the toluene changes with time: a knowledge of the absolute abundances is not essential. The 
method of analysis was therefore identical with that used for benzene, the o-, m-, and p-deutero- 
isomers of toluene having characteristic infrared bands at 12-90 y, 12-55, and 11-95 yp, respec- 
tively, which can be used for the analysis of mixtures of these compounds with light toluene 
The bands are also sufficiently free from mutual overlap to exclude significant errors in the rate 
constants for a given isomer arising from the presence of isomeric impurities, introduced at the 
first stage of the synthesis as isomeric broraotoluenes, Such errors would not be excluded by a 
technique in which total isotope abundance is determined, They would be most serious for 
the mela-compound since it is the least reactive isomer. 

Sulphonation,.--1t was shown in the experiments with benzene that interference from sulphon- 
ation was negligible. Towards sulphonation toluene is known * to be about five times more 
reactive than benzene, whereas for exchange the relative reactivity found in the present work is 
of the order of 40, Hence a change from benzene to toluene, at a given acidity, should decrease 
any chance of interference from sulphonation, Further, it is known’ that the rate of sulphon 
ation of benzene in aqueous sulphuric acid decreases with decreasing acidity much more rapidly 
than does the rate of isotope exchange. Since the most concentrated kinetically useful acid for 
toluene was necessarily more dilute than the most concentrated acid usable with benzene, 
interference from sulphonation should have been absent from the experiments with toluene as 
well as from those with benzene. These arguments are supported by the experimental findings 
of Olsson and Melander.’” 


DISCUSSION 


The measured first-order rate constants (4) for the loss of deuterium from the three 
deuterotoluenes to the various acids are tabulated below, together with the corresponding 
H,, values 


Dependence of exchange rate on acidity at 25°. 


p-*H |toluene f'm-*H | toluene 
H,SO, (wt. %) 107A (sec,~*) H,SO, (wt. %) : 107A (sex 
53-0 2: 1°36 68-0 iy &21 
aS 4 9-40 
63-0 56-6 0-H toluene 
68-4 HB 408 
74°4 Ho 4250 


5-28 


Fig. | contains the plots of the logarithms of the rate constants against —H, for 
benzene * and [p-*Hjtoluene. Both plots are straight lines, that for benzene having a 
slope of about 1-36, that for the toluene about 1-40. This result is in agreement with all 
previous kinetic findings, the mechanistic implications of which have been discussed in 
Parts Il-—IV. The two sets of results permit the partial rate factor at the para-position 
in toluene to be evaluated over a range of acid concentrations. The two slopes being very 
nearly equal, the value obtained does not depend greatly on the particular acid composition 
chosen, (This is by no means the case for the substituted phenols, the data concerning 
which are contained in Parts Iland IV.) The rate constants for the ortho- and meta-isomers 
were obtained by using an acid of H., value —5-28. At this composition the partial rate 
factor for the para-position is estimated from Fig. 1 to be 83. Those for the ortho- and 
mela-positions are likewise found to be 83 and 1-9, respectively. (These values are all 
regarded as being subject to maximum errors of about -+-5°%,). 

Olsson and Melander ™* have recently reported the partial rate factors for exchange 
between the three isomeric nuclear-tritiated toluenes and aqueous sulphuric acid under 
heterogeneous conditions (the two components were shaken together). Spectroscopic 

* Gold and Satchell, Quart. Rev., 1055, 9, 51. 


* See Brown and Nelson, J, Amer, Chem. Soc., 1953, 75, 6292 
Ingold, Raisin, Wilson, Bailey, and Topley, /., 1936, 915; Gold and Satchell, /., 1956, 1635 
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investigations ** indicate that the characteristic frequencies of the C-D bonds in the o-, 
m-, and p-monodeuterotoluenes are not very different. Hence the magnitude of any isotope 
effect on substitution rates, produced by the replacement of deuterium by tritium, would 
be expected to be very similar at each position. Therefore the relative reactivities of the 
three positions towards any particular substitution would be similar regardless of whether 
they all carry deuterium or they all carry tritium. That the exchange process in Olssen 
and Melander’s experiments took place in the sulphuric acid phase is probable by analogy 
with other work and also because a conversion factor, based on the volumes of the phases 
used by Olsson and Melander and an approximate result of ours for the solubility of toluene 
in aqueous sulphuric acid, will turn our rates into theirs within an order of magnitude, 
These considerations imply that Olsson and Melander’s results should be fairly directly 
comparable with ours. Melander ¢ reports the partial rate factors at the ortho-, meta-, and 
para-positions as 70, 2-2, and 63, respectively, at 25°. These values are only in qualit- 
ative agreement with ours, but we understand from Dr. Melander } that more recent 
experiments in his laboratory indicate that the factors for the ortho- and para-positions 


Fic, 2. Relation between the partial vale 
factors for various reactions of toluene, 
Fic. 1. Dependence of exchange rate 
on acidity 
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(a) Chloromethylation (60°) * 

(b) Deuterium exchange (25°) 

(c) Nitration (45°) * and bromination (25°), 

“Mo ) Mercuration (25°) 44 
Detrimethylsilylation (25°) ,1¥ 

({) Methylation with methyl iodide (0°) 1% 

(g) Methylation with methyl bromide (28°), 


(a) Toluene (b) Benzene 


quoted above are too low. A final comparison between the two sets of data is 
therefore not yet possible. However, Dr. Melander also informs us" that, in 
recent experiments with Mr. S. Olsson, he finds the relative reactivities of the 
three monodeuterotoluenes, with 78°, sulphuric acid under heterogeneous conditions, 
to be o:m:p = 51 4+2:1+4004:46 43. These values agree well with our findings 
of o: m: p = 44:1: 44, under homogeneous conditions. It is clear that, towards hydrogen 
isotope exchange, the ortho- and para-positions of toluene are about equally reactive, and 
that the meta-position is about twice as reactive as a position in benzene. 

It is of interest to compare the partial rate factors found for exchange with those found 
for other electrophilic substitutions of toluene. Brown and his collaborators ®™ have 
directed attention to the theoretical implications of such comparisons by showing that the 
partial rate factors for various substitution reactions of toluene may be discussed in terms 


* Smith, Choppin, and Nance, J. Amer. Chem, Soc., 1950, 72, 3260 

* Cf. Turkevich, McKenzie, Friedman, and Spurr, ibid., 1049, 71, 4045 

‘© Melander, personal communication 

'! (a) Brown and MeGary, J. Amer. Chem, Soc., 1955, 77, 2300; (b) McGary, Okamoto, and Brown, 
ibid., p, 3037; (c) Brown and Jungk, tbid., p, 5584 
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of Hammett’s go-rule. If the rule is applicable to substituent effects on aromatic 
substitution it follows that the partial rate factors for meta- and para-substitution (/,, and 
/,) for different reactions of a given substituted benzene should be related through the 
equation : 


log fp = (p/m) log fn 


where o, and o,, are the substituent constants referring to the para- and the meta-position 
respectively. By obtaining a reasonably good straight-line plot of log f, against log (/,/f,,), 
srown et al. have shown that, for toluene, o,/o,, for various reactions is, in fact, fairly 
constant. Some of the data recorded by Brown et al, are reproduced in Fig. 2 where log /, 
is plotted against log f,-—this being a more sensitive plot than that used by the above 
authors. The data recorded by Brown but omitted from Fig. 2 are those which we regard 
as untrustworthy. For instance, to derive the partial basicity factors ™ it is necessary to 
ignore the experimental fact that hexamethylbenzene is more basic than any other 
methylated benzene. Again, the factor for meta-chlorination quoted by Brown is an 
estimated value and not an experimental one.“ However, even after eliminations of this 
kind and in spite of the use of the more sensitive plot, the remaining points fall on a 
surprisingly good straight line, that for isotope exchange being a notable exception. The 
amount of correlation which exists is surprising because, as has been mentioned, it implies 
that for a considerable variety of aromatic substitution reactions o,/o,, has a constant value 
and this is surely not necessarily to be expected. In general, if a substituent is capable of 
giving rise to time-variable (electromeric or inductomeric) effects then these are likely to 
operate differently at different positions, so that o,/,, would be liable to change somewhat 
from one reaction to another, depending on the importance of the time-variable component 
in determining the total rate. On these theoretical grounds the Hammett po-rule would 
not be expected to hold rigorously for aromatic substitution.4* In the case of toluene, it 
is known that the methyl substituent is indeed capable of giving rise to important time- 
variable effects '® and this makes the linearity of the plot in Fig. 2 more noteworthy than 
the fact that every point does not fallon the line. The reactions represented by those which 
do, probably do not involve important time-variable effects. ' 
A further point of interest concerns the ortho/para ratio. The diagrams show the 
partial rate factors obtained for bromination involving attack by Br’ or BrOH,*, for 
nitration involving attack by NO,*, and for deuterium exchange. 


Me Me Me 
76 83 42 
2°5 9 2°5 
59 83 58 


Bromination Exchange Nitration 


The higher ortho/para ratio for bromination compared with nitration has recently been 
attributed by de la Mare and Harvey '’ to a decreased steric effect, the positive halogen 
being a smaller attacking agent than the nitronium ion. If steric effects are indeed 
important in this context, as seems reasonable, then the fact that the ortho/para ratio for 
hydrogen isotope exchange lies between those for bromination and nitration, implies that 
the attacking species involved in exchange is probably larger than a bromine cation. 


Kina's Cottecer, Stranp, Lonpon, W.C.2, (Received, October 6th, 1965; 
augmented, March 1st, 1956.) 

'* Hammett, ‘' Physical Organic Chemistry,” McGraw Hill Book Co. Inc., New York, 1940, 

‘8 Condon, |, Amer. Chem. Soc, 1952, 74, 25628. 

Idem, thid., 1948, 70, 1963, 

'* Cf. de la Mare, /., 1054, 4450; Roberts, Sanford, Sixma, Cerfontain, and Zagt, ]. Amer. Chem 
Soe, 1054, 76, 4525; fase, Chem. Rev., 1953, 63, 191 

'* de la Mare and Robertson, /., 1943, 279. 

'? de la Mare and Harvey, J., 1956, 36 


1956} Herington. 2747 


541. Reactions of Disodium Pentacyanoamminoferrate with Aromatic 
Amines. Part I. The Preparation and Properties of Compounds 
containing the Pentacyano-p-hydroxyanilinoferrate Ion. 

By E. F. G. Herineron. 


The reaction of the salt Na,{Fe(CN),NH,) with p-aminophenol in alkaline 
solution is shown to give rise to the compound Na,{Fe(CN) “NH-‘C,HyOH)}), 
The deep blue aqueous solution of this salt exhibits an absorption maximum 
at 695 mu with log,,¢ 4-29. As many heavy-metal salts containing this anion 
can be precipitated from dilute acid solution as intensely coloured solids, 
trisodium pentacyano-p-hydroxyanilinoferrate may find use as a spray 
reagent in paper chromatography. 


Tuis series of papers is concerned with the structure and properties of the compounds 
obtained by treating aromatic amines with disodium pentacyanoamminoferrate 
Na,[Fe(CN);NH,)}. Many primary and secondary aromatic amines give blue or green 
solutions with this reagent but the present paper relates only to the product obtained from 
p-aminophenol. This base was chosen for detailed study because experiment had shown 
that the resulting complex ion is of a simpler type than the complex ions obtained by the 
reaction of many aromatic amines with disodium pentacyanoamminoferrate, 

There is little previous work on this topic. Anger ' described a colour reaction which 
he claimed was specific for the detection of primary aromatic amines based on a 
reagent prepared by oxidising a 2%, solution of trisodium pentacyanoamminoferrate 
Na,{Fe(CN),;NH,| with bromine-water; the violet colour obtained was “ compensated "” 
by addition of a further quantity of the salt solution and 2%, of sodium carbonate was then 
added to the resulting yellow solution. This reagent was reported to give a green-blue 
colour with p-aminophenol. The constitutions of the products were not established. 

Ohkuma # prepared a reagent for the same purpose made by adding hydrogen peroxide 
to an alkaline solution of trisodium pentacyanoamminoferrate. Experiments have now 
shown that the reagent solution used by Anger! and by Ohkuma ® contained the salts 
Na,|Fe(CN),NH,| and Na,{Fe(CN),NH,}. Hence the coloured products they observed 
were often mixtures; for example, p-aminophenol reacts with the trisodium salt to give a 
green, and with the disodium salt to give a blue product, so accounting for the colour 
observed by Anger. 

Since the nature of the above blue product was unknown it was necessary to establish 
whether it was or was not entirely organic. That the colour was associated with an anion 
was clearly shown by adding a suitable heavy-metal salt (¢.g., zinc or copper nitrate) to 
the solution, whereupon a heavy blue precipitate was obtained which was insoluble in 
dilute acetic acid. A magnetizable brown solid was produced by ignition in air of the 
paramagnetic blue precipitate obtained by adding zinc nitrate and was shown to contain 
iron by the ammonium thiocyanate test. 

Paper-electrophoresis provided confirmation that the coloured complex carries a 
negative charge and showed that the colour was due to one anionic species. The mole- 
cular ratio in which the reagents combine was found by means of the method of continuous 
variation ’’ (see Job *) using solutions buffered with borax : it was 1: 1. 

This ratio suggested that the reaction might be a simple replacement of ammonia by 
p-aminophenol to yield the ion [Fe™(CN),NH,°C,H,OH|*". Indeed ammonia is liberated 
during the reaction; and the same complex is produced by aerial oxidation of an alkaline 
solution of the salt Nas/Fe(CN),H,O} in the presence of p-aminophenol as by reaction of 
the salt Na,|Fe(CN),NH,| with the amine, thus establishing that there is no ammonia 
present in the coloured ion. On mixing of solutions of p-aminophenol and the disodium 


* Anger, Mikrochim. Acta, 1937, 2, 3. 
* Ohkuma, /. Pharm. Soc. Japan, 1952, 72, 1101. 
* Job, Ann. Chim. (France), 1928, 9, 113; 1936, 6, 97 
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salt adjusted to pH 11-0, the pH fell to 9-5, In view of similar observations on the reaction 
of aniline with this salt (unpublished work) the fall in pH was ascribed to reaction (1) : 


e(CN) ,NH,) + HyN-C,HyOH + NaOH = Na,{Fe(CN),“NH-C,H,OH) + NH,+H,O . (1) 


However, this probably takes place in stages, viz. : 


Na,{Fe(CN),NH,) + H,N-C,HyOW = Na,{Fe(CN),H,N-C,HyOH) + NH,. . (la) 
Na,{Fe(CN),H,N-C,H,OH) + NaOH « Na,{Pe(CN)NH-C,HyeOH}) + H,O. . (1b) 


Some evidence for this is afforded by experiments in which concentrated ammonia 
solutions were employed, Very little change in colour was observed during | hr. when an 
ammonia solution was added to the blue solution obtained from the reaction of the salt 
Nay! Fe(CN),NH,) with p-aminophenol, This indicated that the overall reaction (1) was 
not readily reversed when excess of ammonia was added. If, however, an alkaline solution 
of the salt Na,/Fe(CN),NH,}| containing ammonia was added to p-aminophenol then a 
brown colour resulted, The simplest explanation of these observations is that the large 
excess of ammonia forces reaction (la) to the left and then the p-aminophenol is oxidized by 
the |Fe(CN),NH,)* ion in the same manner as this amine is oxidized by the ferricyanide 
ion. Thus the course of the reaction between p-aminophenol and the salt Na,{Fe(CN),NH, 
is changed by the addition of a large excess of ammonia. 

Ihe sodium salt of the complex prepared from p-aminophenol and disodium penta- 
cyanoamminoferrate is a hygroscopic solid unsuited for analysis, so the zinc salt was made 
and shown by analysis to be Zng| Fe(CN),*NH-C,H,-OH),,4H,0. In one possible structure 
for the complex ion, the iron is bivalent and the nitrogen carries an odd electron, while in 
another the iron is tervalent and the group NH-C,H,-OH carries a negative charge. 

rhe solubility of the lead salt of the new anion was compared with those of the lead 

alts containing the anions [Fe'(CN),X) and [Fe"(CN),X). Adding a dilute acetic acid 
olution of lead acetate to solutions of the salt K,/Fe''(CN),| or Na,{Fe'(CN),NH, 
does not give a precipitate but if the same lead acetate solution is added to solutions of 
the salts K,)/Fe"(CN),| or Na,{Fe"(CN),NH,| precipitates are obtained. This lead 
acetate reagent with the new anion gave a blue precipitate, showing that the solubility 
of the lead salt of the pentacyano-p-hydroxyanilinoferrate ion resembles that of the complex 
cyanides containing bivalent iron. 

The infrared spectra of these compounds were also measured. Emschwiller* has 
reported that the cyano-group gives rise to a more intense band in the ferrocyanides than 
in the ferricyanides and that these bands appear at 2040 and 2115 cm.' for potassium 
ferro- and ferri-cyanides respectively. Work at this laboratory ® has shown that the 
position and intensity of the cyano-bands in the neighbourhood of 2000 cm.~! for a number 
of sodium salts containing the group {Fe(CN),X} are determined by the formal charge on 
the iron atom. These features of the spectra do not depend on the formal charge 
on the whole anion since similar cyano-bands were observed in [Fe!!(CN),NH,)® 
and |Fe"(CN),H,O}* as in [Fe"(CN),)*, and in [Fe"(CN),.NH,|*> and [Fe!(CN),H,O}* 
as in [Fe'(CN),), 

The sodium salt of the complex prepared from p-aminophenol is unsuited for examina 
tion by infrared spectroscopy. For the zine and the lead salt the frequency of the cyano 
band also depends on the nature of the metal outside the co-ordination shell, so samples 
of zine ferricyanide, zine ferrocyanide, and lead ferrocyanide were prepared for comparison. 
rhe results are summarized in Table 1, Clearly the spectra of the zine and lead salts of 
the complex resemble those with bivalent iron. 

Nevertheless, a paramagnetic resonance line was not observed when a freshly prepared 
aqueous solution of the complex made from Na,{Fe(CN);NH,} and p-aminophenol was 
examined with the specimen at room temperature or at the temperature of liquid nitrogen. 
If the structure had been entirely that of the ferrous ion a line should have been observable 
due to the unpaired electron associated with the organic group, but in fact no line was found. 


* Emschwiller, Compt, rend., 1954, 238, 1414. 
* Herington and Kynaston, /., 1955, 3555 
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TABLE 1. Infrared spectra of une and lead salts. 
Valency of Band Optical density of KCI dise (0-375” 
icy I 
Compound Fe (em! diam.) containing I mg. of complex salt 


Zn ferricyanide . 2177 o-73 
Zn ferrocyanide 2100 1ay 
Zn salt of p-aminophenol complex ... 2100 1St 
Vb ferrocyanide 2037 1-67 
Pb salt of p-aminophenol complex ... 2040 1-64 


This means either that the anion contains ferric ion, in spite of the chemical and infrared evi- 
dence to the contrary, or that the structure resonates between the two at a frequency greater 
than that of the 1-25 cm. wavelength used in the paramagnetic resonance spectrometer, 

However, it is probably better to regard the two structures as canonical forms rather 
than different possible structures, and then the unpaired electron may be considered to lie 
in a m-type orbital covering the whole of the organic part of the anion, the iron atom and 
the cyano-group in /vans-position to the organic ligand. Such a structure is compatible 
with many of the properties described. 

The sodium salt of the p-aminophenol complex, dissolved in 0-2N-sodium hydroxide, 
has a single strong absorption band in the visible region (350-1000 mu) at 695 mu with 
log,, ¢ 4°29, and although this value is rather smaller than the corresponding figures for 
dyes such as malachite-green (logyg max, 4°5 at 600 mu) or crystal-violet ® (logyy max, 50 
at 583 my) yet it is of comparable magnitude. 

Strong reducing agents destroy the blue colour of the complex and regenerate p-amino- 
phenol, as demonstrated by use of alkaline sodium dithionite and benzoylation of the 
liberated base, 

An attempt to prepare the free acid H,{Fe(CN),-NH-CygH OH) by adding concentrated 
hydrochloric acid to the aqueous solution of the trisodium salt gave a brilliant red colour 
which could not be extracted with ether, Filter paper impregnated with the blue salt 
Nay Fe(CN),*NH°*CgH,yOH) was allowed to dry in air and a spot of concentrated hydro- 
chloric acid was placed on the paper which became red; cold methyl alcohol dissolved the 
red spot to give a red solution, but did not dissolve the blue salt; adding ether to the 
methyl alcohol solution gave a blue precipitate which yielded a blue aqueous solution but 
gave a red colour with concentrated hydrochloric acid. From these experiments it was 
concluded that the free acid is probably blue, but that it is red in the presence of concen 
trated hydrochloric acid. However, the blue colour of the ion is not immediately destroyed 
in phthalate buffer pH 4 or in 2N-acetic acid. 

Mention has been made above of the insolubility of the lead salt of the p-aminophenol 
complex; in general, the solubilities of the heavy-metal salts of the pentacyano-p-hydroxy 
anilinoferrate ion resemble those of the ferrocyanides. The metal salts were investigated 
by placing a drop of the heavy-metal nitrate or chloride solution on paper which was then 
sprayed with the solution of Na,{Fe(CN),-NH-C,H,OH)| and washed with 2n-acetic acid. 
The papers were then examined for colour. The result depends both on the insolubility 
of the resulting compound in 2Nn-acetic acid and on the colour of the salt, The penta- 
cyano-p-hydroxyanilinoferrates of alkali and alkali-earth metals are soluble in water and 
in dilute acetic acid, but many other salts have a low solubility in water and dilute acid. 
However, these salts are not all equally coloured and the results of the spraying experiments 
may be considered in relation to the position of the metal in the Periodic Table. The 
cupric salt is an intense blue but the silver salt is a dirty blue when first formed and soon 
becomes brown in light and air. The zine and the cadmium salt are violet-blue and blue 
respectively. The mercuric salt is paler than the zinc salt. No coloured stain was obtained 
with aluminium salts. The zirconium salt is insoluble and blue. Stannic chloride produces 
only a faint brown stain but stannous chloride gives a grey-blue spot. The lead salt is blue 
but is partly soluble and appears to be somewhat unstable, so that the paper when washed 
with 2n-acetic acid carries only a grey-blue stain. The thorium (Th**) salt resembles the 
lead salt but is more stable, so that the paper carries a fairly strong blue stain. The paper 


* Landolt-Bornstein's’' Tabellen,” 6th edn., Vol. I, Part 3, p. 287 


2750 Herington : Reactions of Disodiwm 


impregnated with antimony trichloride is not stained but that impregnated with bismuth 
(Bi*") shows a diffuse blue patch. 

The papers which had been spotted with rare-earth solution (1 ml. of Ce, Pr, Gd, and 
Ho solutions containing 10 yg.-atom of rare earth) show a slight blue colour but these salts 
clearly have a high solubility. Chromium nitrate, ammonium molybdate, and sodium 
tungstate do not produce coloured stains. Uranyl nitrate produces a blue stain which, 
however, rapidly fades to grey-brown : this colour is not as intense as that formed by an 
equal amount of uranyl nitrate and potassium ferrocyanide. Manganese (Mn**) gives a 
bright blue spot approximately half as intense as the zinc spot. lron (Fe**), cobalt (Co*'), 
and nickel (Ni*’) all give strongly coloured blue spots which differ somewhat in hue. 


I- XPERIMENTAL 

Preparation of Disodium Pentacyanoamminoferrate,Trisodium pentacyanoemminoferrate 7 
was oxidized to disodium pentacyanoamminoferrate by nitrous acid." The product was 
dried in a vacuum-desiccator (P,O,) {Found: C, 214; N, 30-2; Fe, 21-5. Calc. for 
Na,{Fe(CN),NH,},H,O; C, 22-4; N, 31-5; Fe, 20-9%}. 

Preparation of Tvrisodium Pentacyanoaquoferrate,This salt was prepared from sodium 
nitroprusside by reduction with hydroxylamine,® 

Purification of p-Aminophenol,--Commercial p-aminophenol was purified by chromatography 
on alumina with a 1; 4 (v/v) mixture of absolute alcohol and “ Analak ’’ benzene as eluant. 
A brown impurity remained on the column and removal of the solvent from the faintly yellow 
solution gave a slightly brown sample of p-aminophenol, m. p. 183° (decomp.). 

Preparation of Aqueous Solution of Na,|Fe(CN).NH°C,HyOH).-This blue salt is prepared 
by the reaction of Na,{Fe(CN),NH,}] with p-aminophenol in the presence of a small quantity 
of sodium hydroxide, but as p-aminophenol is itself oxidized in air in alkaline solution the order 
of the addition of the reagents is important. The following conditions yielded the cleanest 
product: to 0-45 g, of p-aminophenol was added a solution prepared by dissolving 1-05 g. of 
the salt Na,/he(CN),NH,},H,O in 40 ml, of 0-025n-sodium hydroxide. The mixture was at 
once shaken. It immediately became blue and reaction was almost complete in l hr. Small 
amounts of a brown by-product and of the salt Na,{he(CN),H,O) were formed and were removed 
by passing the blue solution down a short column of activated alumina, This solution can be 
kept at room temperature for several days with little deterioration but is best stored for long 
periods (¢.g., 6 months) in a refrigerator at — 10°, 

Preparation of Solid Na,{Fe(CN)sNH-C,HyOH).—-The sodium salt was precipitated from 
aqueous solution by alcohol-ether, The solid, which was of such a dark blue colour as to 
appear almost black, was filtered off on paper. However, this solid was so hygroscopic that 
it stuck fast to the paper and was not investigated further, 

Paper Llectrophovesis.—-An “ EEL" paper-electrophoresis apparatus was employed. The 
paper strips were saturated with 0-1N-sodium hydroxide, and a current of 4 ma was passed 
through two strips in parallel, This current corresponded to a voltage drop of 3-5 v/cm. on 
each paper. One volume of a solution of the salt Na,{Fe(CN),NH-C,HyOH), prepared as 
above, was diluted with 4 vol. of 0-1N-sodium hydroxide, and 0-625 ml. of the resulting solution 
was put on the paper strip. A single blue band was formed which moved at the rate of 0-89 
om. hro'v'. A sample of the complex which had been purified by passage down an alumina 
column gave only a single blue band, but the crude product of the reaction of Na,{Fe(CN),NH,) 
with p-aminophenol showed in addition one or two faintly coloured bands which moved slowly 
under the influence of the applied potential, and a very pale yellow band (due to the ion 
[Fe(CN),H,O}* , detected by spraying with ferric chloride solution) which moved more rapidly 
than the main band 

Continuous Variation’’.—The following solutions were prepared. Solution A contained 
19-07 g. of borax per |. Solution B contained 0-0228 g. of the salt Na,{Fe(CN),NH,},H,O in 
200 ml. of distilled water. Solution C contained 0-0138 g. of p-aminophenol in 200 ml. of 
distilled water. A series of solutions of total volume 12 ml. containing 6 ml. of solution A and 
varying amounts of solutions B and C and water were made, in such a manner that the overall 
molarity of the salt Na,[Pe(CN),NH,)},H,O pius p-aminophenol was constant. For example, the 
solution containing this salt and p-aminophenol in the ratio 1: 1 was prepared by mixing 6-00 ml 


’ Herington, Analyst, 1053, 78, 174 
* Hofmann, Annalen, 1000, $12, 1 
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of solution A, 0-98 ml. of water, 3-00 ml. of solution B, and 2-02 ml. of solution C. Similarly a 
solution with a salt to p-aminophenol ratio of 1; 9 was prepared by mixing 6-00, 1-76, 0-60, 
and 3-64 ml. respectively. The appropriate volume of solution C was added to each as the last step. 

The absorption of each solution was measured with a Spekker absorptiometer, 1 cm. cells, 
a tungsten lamp, and filter No, 608 being used. The readings obtained for the solutions 4 hr. 
after mixing are presented in the Figure. The curve has its maximum at a ratio of 
0-51: 0-49, showing that the coloured complex is formed by the reaction of 1 mole each 
of Na,{Fe(CN),NH,},H,O and p-aminophenol. 

Aerial Oxidation of Solution of Na,{Fe(CN),H,O} in the Presence of p-Aminophenol.-The 
salt Na,{Fe(CN),H,O) (0-1 g.) was dissolved in 0-025n-sodium hydroxide (5 ml.), and the solution 
poured on to p-aminophenol (0-1 g.). The solution, which was stirred in contact with air, 
immediately became green but after 3 hr. had a deep blue colour. This solution was 
shown by the following tests to contain the same ion as that resulting from the 
reaction of Na,{Fe(CN),NH,] with p-aminophenol, A mixture of the products made from 
Na,{Fe(CN),H,O)} and Na,{Fe(CN),NH,} was examined by paper electrophoresis and yielded 
only a single blue band. The corresponding zinc salts were prepared by precipitation from 
dilute acetic acid, and the infrared spectra were shown to be identical. 

pH Measurements.—The measurements were made with an “ Alki”’ glass electrode and a 
pH-meter (Cambridge Instrument Co,), The electrode was calibrated by the use of a borax 
buffer at pH 9-18 (19-071 g. of “‘ AnalaR ’’ borax made up to | |. with boiled distilled water). 
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p-Aminophenol (0-0184 g.) was dissolved in distilled water (10 ml.), and the pH measured 
by the glass electrode was adjusted to 11-0 by the addition of 0-02n-sodium hydroxide; the 
salt Na,{Fe(CN),NH,],H,O (0-053 g.) was dissolved in water (15 ml.) and the pH adjusted to 
11-0 as above. The latter solution was stirred by means of a magnetic stirrer, the p-amino- 
phenol solution was poured in, and pH readings were taken. The pH fell to 9-4 within the 
first 0-25 min., then rose and became sensibly constant after 3 min. The blue colour had been 
then nearly fully developed. The pH after 30 min, was 10-02 and after 67 min, was 10-06. 
However, recalibration of the glass electrode at the end of the experiment gave a pH value of 
9-66 instead of 9-18, i.¢,, the reading was 0-48 too high and therefore the final pH was 9-58 
instead of 10-06. A similar result was obtained in another experiment, when the salt solution 
was poured into a p-aminophenol solution. Other glass electrodes were tried, including an 
ordinary glass electrode, In an experiment with such an electrode and slightly mére concen- 
trated solutions the pH fell from 11-00 to 9-00 and then rose to 9-76, These values correspond 
to an overall change from 11-00 to 9-22 when the glass electrode had been recalibrated at the 
end of the experiment. The reaction thus appears to interfere with the performance of the 
glass electrode but the results of all the experiments agree in showing that the pH falls finally 
by about 1-5 units when solutions of the concentrations given above are mixed. 

Preparation and Analysis of Zinc Pentacyano-p-hydroxyanilinofervate.—To a solution of zinc 
nitrate (3 g.) in dilute acetic acid (20 ml. of glacial acetic acid and 100 ml. of water) was added 
40 ml, of an aqueous solution of the purified sodium salt prepared as described above. The 
gelatinous blue precipitate was filtered off (Whatman No, | paper) and washed with distilled 
water until the filtrate was neutral. The zinc salt was dried [NaOH, then Mg(ClO,), in a vacuum] 
{Found: C, 30-5, 30-2; H, 20, 20; N, 197, 19-8; Zn, 21-7, 23-4, 23-3; Fe, 13-1, 13-0, 
Zn,{Fe(CN) sNH-C,HyOH),,4H,O requires C, 30-8; H, 23; N, 196; Zn, 220; Fe, 13-0%}. 
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Infraved Measurements, The zine and the lead salt were prepared by precipitation from 
solution, under the following conditions 

(a) Zine ferrocyanide, Potassium ferrocyanide (0-4 g.) was dissolved in water (10 ml.) and 
glacial acetic acid (6 ml.) was added, followed by 0-lM-zine nitrate (20 ml). The gelatinous 
white precipitate was filtered off, washed with 2n-acetic acid, and dried in a desiccator. 

(b) Zine ferricyanide, Potassium ferricyanide (0-39 g.) was dissolved in water (10 ml.) and 
glacial acetic acid (6 ml), and 0-IM-zine nitrate (30 mL) added. The resulting yellow precipitate 
was removed on a Whatman No, 44 paper, washed with 2n-acetic acid, and dried in a desiccator. 

(c) Zine pentacyano-p-hydroxyantiinoferrate, The solid prepared as described above was 
used for the spectroscopic measurements 

(d) Lead fervocyanide. To a solution of lead acetate (1-2 g.) in water (10 ml.) and glacial 
acetic acid (2 ml.) was added aqueous potassium ferrocyanide (0-4 g. in 10 ml.), The white 
precipitate was removed on a Whatman No, 44 paper, washed with water until neutral, and 
dried in a vacuum desiccator 

(e) Lead pentacyano-p-hydroxyamilinoferrate, To a solution of lead acetate (0-6 g.) in water 
(6 ml.) and acetic acid (2 ml.) was added sodium pentacyano-p-hydroxyanilinoferrate solution 
(15 ml.) prepared as above, The blue precipitate was removed on a Whatman No, 44 paper 
but as the filtrate was blue the lead salt must be appreciably soluble. The precipitate was 
washed with a little water and dried, 

amples of the above salts and of p-aminophenol were finely ground and were incorporated 
in pressed potassium chloride discs.” The spectra of these discs were recorded on a double 
beam spectrometer,” with the results shown in Table 2 


Infrared bands (cm. ) of various salts and of p-aminophenol. 
Zn ferric yanice 3450 sb; 21778 
Zn ferrocyanide . £850 sb; 21108 
Zn salt of p-aminophenol complex 3450 sb; 3270 6h; 21008; 1960 w 16428; 1622 w sh; 
1515 m; 1460w; 1416m; 1370w; 13l6w; 1286w; 
1167 m; 1097 w; 1078 sh; 1023 w; O97 w; 951 w; 
860 m; 783 w 
3450 ab; 20378; 1643 w; 938 w 
ophenol complex $450 mb; 20408; 1628 m; 1583 wisi 1488 m; 1422 sh 1368 w: 
1287 w; 1232 w; 1164 m; 1096 w L020 w; O87 w; SOR m; 
787 w 
Aminophenol tees . 83810 m: 3230 6h; 3040 m: 2050 m; 2330 m; 2700 m; 260558 
2498 m; 2003 w; 1872 w; 1742 w; 1695 Ww; 1620 m; 1600 sh 
15166; 1480 8; 13908; 1345 sh; 1325 sh; 12608; 124058 
1217 sh; 1171 m; 1154 m; 1121 w 1094 m; 1012 m; 970s 
048 sh; 920 m; 847m; 8208; SIX sh: 7518; 705m 


b broad, trong, w weak, sh shoulder 


Phe ¢ bands near 2000 cm.* have already been discussed, ‘The simple ferro- and ferri 
cyanides exhibit very few bands, but the zinc and lead salts of the pentacyano-p-hydroxyanilino 
ferrate ion show many bands arising from the organic part of the complex. However, the 
spectra of these salts exhibit less structure than the spectrum of p-aminophenol itself 

Reduction of the Pentacyano-p-hydvroxyanilinofervate lon unth Sodium Dithionite.-——The salt 
Na,!Pe(CN),NH,),H,O (0-7 g.) was dissolved in 0-025n-sodium hydroxide (20 ml), and the 
resulting solution was poured on p-aminophenol (0-22 g.). The solution was stirred for 1 hr 
ind then extracted with benzene (2 x 50 m1.). The aqueous solution was then decolorized by 
adding sodium dithionite (1 g.); 25% w/w sodium hydroxide solution (9 ml.) and benzoyl! 
chloride (2°ml.) were added and the resulting solution was shaken for 5 hr. The solid (0-5 g.), 
separated and dried in a vacuum-desiccator, had m, p. 235° alone or mixed with p-benzamido 
phenyl benzoate (m. p. 235°). The infrared spectra of the two materials were identical 


A preliminary note on this work has been published." I thank Mr. W. Kynaston for the 
infrared measurements and Dr. D. G. E. Ingram for studying the paramagnetic resonance 
properties of these compounds. The work described formed part of the research programme 
of the Chemical Research Laboratory and this paper is published by permission of the Director 
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542. Infrared Spectra and Polar Effects. Part I11.* 
Internal Spectral Relationships. 


By L. J. Bettamy and R. L. WILLtaMs. 


In the homologous series of the methyl halides, all the six fundamental 
frequencies can be shown to be interrelated so that a stepwise change in any 
one of them produces proportionate changes in the others. The frequencies 
can also be correlated directly with the stretching frequencies of the corre- 
sponding halogen acids, By using these relations the fundamentals of other 
CH, X molecules have been predicted with reasonable precision from a simple 
knowledge of the H-X stretching frequencies. The theoretical implications 
of these findings are discussed. 


In earlier papers of this series,4* the origins of shifts in characteristic group frequencies 
which are not sensitive to mass or coupling effects were discussed, Groups which show 
characteristic frequencies of this kind are usually of the type ~X—Y where Y is attached 
only to X by a single or multiple bond, and it has been suggested that frequency shifts 
originate in changes in the electron density at X, which can be quantitatively related to the 
strengths of the inductive and mesomeric effects of the substituents at this point. This 
offers a satisfactory explanation of the many correlations which have been observed 
between group frequency shifts and physical properties such as pA, values,’ kinetic 
rates,'*.° chelate stabilities,* atomic refractivity exaltations,* ete., which are primarily 
dependent on these same effects. However, the hypothesis has other important implic- 
ations. Thus, in the system (RR’R”’)X any systematic changes in R will affect all the 
mass-insensitive frequencies of R’X and of R’’X by amounts proportional to the changes 
in the J and M effects introduced. The changes in these frequencies will therefore be 
interrelated. In principle any such relations which exist would be best studied by a 
comparison of the relative changes in force constants which occur on passing down a series 
such as CH,F——CH,!. However, owing to the uncertainties which arise from the choice of 
suitable force fields, values covering a very wide range have been suggested by various 
authors for the force constants of any one bond in this series. Provided, therefore, that 
mass effects are small in relation to electrical effects the direct comparison of the actual 
frequencies observed seems likely to be the more promising approach. We have therefore 
studied the six fundamental methyl group frequencies of CH,X compounds to see how far 
they are interrelated. 

The spectra of the methyl halides have been studied by a number of workers and we 
have made use of the best high-resolution data available.?'® Each of these molecules 
gives rise to six fundamentals consisting of two CH stretching modes (y, and y,), two CH 
deformation modes (vg and y,), a CH, rocking mode (y,), and the C-Halogen stretching 
mode (vs). The values for these are given in Table | together with the values for 
v,, corrected for Fermi resonance and for v, after an appropriate correction for mass effects 
The latter was carried out by treating CH,~X as point masses with weights of Moy, and 
Mx, the corresponding reduced mass being given by pon,x Mey Mx |/(Moy, + Mx) 
Precisely similar methyl-group fundamentals arise in other CH,X compounds. Of the 
six fundamentals, »,, v4, and vy, are acknowledged to be mass insensitive,’ and a correction 
can be applied as above for the v, mode. However, we have found that on passing down 


* Part II, J., 1955, 4221, 
' Bellamy, J , 1955, 2818 
* Idem, thid., p. 4221 
* Goulden, Spectrochim. Acta, 1954, 6, 129 
4 Flett, Trans. Faraday Soc., 1948, 44, 767 
Fuson, Josien, and Shelton, /. Amer. Chem. Soc, 1954, 76, 2297 
Bellamy and Beecher, /., 1954, 4491 
Herzberg, ‘' Infrared and Kaman Spectra of Polyatomic Molecules,’ Van Nostrand, New York, 
* Bernstein, Cleveland, and Voelz, J. Chem. Phys., 1954, 22, 193 
* Pickworth and Thompson, Proc, Roy. Soc., 1954, A, 222, 443 
1° Idem, Trans. Favaday Soc., 1954, 60, 218 
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the methy! halide series the changes in each of the six fundamentals are a direct function 
of the halogen electronegativity. As electronegativity is not a mass function this suggests 
very strongly that, in the vg and the v, mode also, electrical rather than mass effects are the 
predominating factor in inducing frequency shifts. Sheppard ™ has also reported a similar 
electronegativity relation for the v, mode of a variety of methyl compounds. 

This relation between the shifts shown by each fundamental and the electronegativities 
of the substituents is not very precise as electronegativity itself cannot be measured with 
precision. However, as a precisely similar relation can be shown to exist between the 
H-X stretching frequencies of the halogen acids and the halogen electronegativities, it 
should be possible to eliminate uncertainties arising in this way and to plot directly H~X 
stretching frequencies against the frequencies of each of the corresponding CH,X funda- 
mentals. The results are shown in the Figure and it will be seen that, apart from a slight 
curvature of the line joining the vg frequencies—-which may be associated with the effects 
of lone-pair repulsions——an excellent linear relation is realised in practice. The observed 
values have been used for the v, frequencies, but the corresponding plot for these vibrations, 
corrected, where possible, for Fermi resonance, is indicated by the broken line of the Figure. 
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The values for the halogen acid stretching frequencies were again taken from the best 
available data '*"* and are given in Table 1, together with the values after correction for 
mass effects. Vapour-phase data have been used in all cases in both Tables 1 and 2. 


TABLE 1. 


CH,X frequencies (cm.~') 
- — —E Prem 

HX (em.~’) 

nA - 

Mass a we : 

Obed corrected Obs. Corr Ys Obs. "% Ys Ve 
5061-4 3875 2064-5 14753 1048-2 . 3005°7 14711 1196-5 
2885-0 2856 2067°8 2938 1354-9 7321 793-0 3041-8 14546 1015-6 
2558-6 2553 2072 2042 1305-1 611 7246 30559 1445-3 952-0 
2230-1 2230 2069-8 2050 1261-5 532-8 651-1 3062-2 1437°8 882-5 


The Figure has a number of important implications which will be discussed separately. 
Frequencies of Other CH,X Molecules.—The prediction of the fundamentals of other 
CH,X molecules directly from the corresponding mass-corrected H-—X_ stretching 


't Sheppard, Trans. Faraday Soc., 1955, 61, 1465 

'* Herzberg, ‘' Molecular Spectra and Molecular Structure, Diatomic Molecules, ‘' Van Nostrand, 
New York, 1950 

' Mills, Thompson, and Williams, Prec, Roy. Soc., 1953, A, 218, 29 

'* Thompson, Williams, and Callomon, Spectrochim. Acta, 1952, 6, 313 

'* Boyd and Thompson, ibid., p. 308 
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frequencies is one obvious application of this correlation. Thus, if from a point corre- 
sponding to the hydrogen stretching frequency of hydrogen cyanide a line is drawn across 
the Figure it intersects each of the six lines at a point corresponding fairly well to each of 
the six methyl fundamentals of methyl cyanide. Even with as complex a molecule as 
trichlorosilane a line drawn across at the H-Si stretching frequency gives a series of values 
in close agreement with the appropriate fundamentals of methyltrichlorosilane. The 
observed and the predicted values for a number of different CH, X molecules studied in this 
way are compared in Table 2. In computing the v, frequencies the broken line of the 
Figure has been used for compounds which show Fermi resonance, and the v, frequencies 
have been approximately corrected for mass. It will be seen that the agreement obtained 
is reasonably good although the predicted values for the C—-X stretching mode sometimes 
show less satisfactory agreement. This last may be in part due to the approximations 
made in mass correction, but it is probably associated also with the fact that there 
are differences in the properties of bonds formed by the overlapping of two sf* atomic 
orbitals from those given by the overlap of sf* with / as is the case with the methyl 
halides.’° In one instance (acetaldehyde) the predicted values for the v, and the vz mode 
result in a reversal of the original assignments of these bands. This appears to be strong 
evidence for a correction of these assignments and affords an interesting example of one 
possible application of these relations. 

These findings do not follow immediately from the electronegativity considerations 
advanced above. The mean of the two H—X stretching frequencies of H,X compounds 


TABLE 2. 


CH,X Frequencies (cm.-') 
HX (cm.*) , A 
mass- Sym. CH st. Asym. CH st. Sym.CH def. Asym.CH def. CH, rock CH,-X st 
corrected obs. calc. obs. calc. bs. cale. obs, cak obs. calc, obs. calc. Ref 


2955 2930 3009 3027 1408 14565 1460 1041 1091) 920 895 7,4 
2075 2935 3034 3034 1378 1442 1455 970 1046 830) «=©706 b 
2923 2949 2000 3060 12 1259 1416 1441 807 892 764 SAO 
2951 2934 3014 3035 1384 1457 1456 1088 1049 867 681 
2941 2029 3008 3026 141) 1452 1460 1053 1095 931 834 
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a, Venkateswarlu, J]. Chem. Phys., 1961, 19, 203; Williams, unpublished work, 6, Cowan, Herz- 
berg, and Sinha, /. Chem. Phys., 1960, 18, 1538. c, Gilson and McKinney, J. Amer, Chem. Soc, 
1951, 78, 1431. d, Smith, J. Chem. Phys., 1953, 21, 1997. ¢, Venkateswarlu, ibid,, 1951, 19, 208 
f, Boyd and Thompson, Trans. Faraday Soc., 1952, 48, 493. g, Morris, ]. Chem. Phys., 1943, 11, 230, 
h, Allen, Cross, and King, thid., 1950, 18, 1412. i, Thompson and Skerrett, Trans. Faraday Soc., 
1940, 36, 812. 7, Weltner, J. Amer. Chem, Soc., 1955, 77, 3941. hk, Cleaves and Plyler, J. Chem 
Phys., 1939, 7, 563. 1, Eyster, ibid., 1940, 8, 135, 369. m, Herzberg and Keid, Disewss. Faraday 
Soc., 1950, 9, 92 


is a linear function of the electronegativity of X, but, although the slope is the same, the 
line is displaced from that given by a similar plot of the halogen acids.* The corre- 
sponding lines for H,X and H,X compounds are similarly further displaced. These 
displacements can be shown to be partly connected with the introduction of a new factor, 
the angle between the H~X bonds. As this angle factor enters into any corresponding plots 
for the methyl derivatives, it is self-cancelling in the comparisons made above, but the 


1* Maccoll, Trans. Faraday Soc., 1950, 46, 369. 
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implicit assumption that there is no angle change in passing from the hydride to the corre- 
sponding methyl compound may well account for some of the minor discrepancies in 
Table 2 

Internal Relation.-The hypothesis that all the six fundamental methyl group 
frequencies of any molecule CH,X must be directly and quantitatively related is clearly 
borne out by the results given in Table 2. If, for example, only the », C-H stretching of such 
a molecule is known, the remaining five fundamentals, together with the H—X stretching 
frequency, can be obtained from the Figure by reading across from a line drawn horizontally 
through the point at which this frequency occurs on the plot joining the v, fundamentals. 

The Slopes of the Lines in the Figure.—Perhaps the most significant feature of the 
Figure is the relative directions of the slopes of the lines joining the individual fundamental 
vibrations. Thus in descending the series CH,F—CH,I the C-H stretching frequencies 
rise and the C-H deformation frequencies fall, This is consistent with the C-H_ bonds’ 
becoming progressively harder to stretch and easier to bend. When the mean H-X 
stretching frequency of methane is plotted as an ordinate in the Figure, the mean value of 
each pair of fundamental frequencies of ethane can be derived directly. It is interesting, 
however, that the latter points lie in each case between the points corresponding to CH,F 
and to CH,Cl, When the data are plotted in this way, therefore, the order in which the 
elements occur on any single line is not the order of their electronegativities but appears to 
be rather the order of the strengths of the C-X bonds as measured by their dissociation 
energies [he dissociation energy of the C-C bond of ethane, for example, is less than that 
of the C-F bond of CH,F and greater than that of the C-Cl bond of CH,Cl. Insofar as 
dissociation energies parallel the relative states of hybridisation it follows that in the C-X 
link a progressive increase in the p character oceurs down the serics, which is reflected in 
the progressive fall in the C-X frequencies, The C-F bond of methyl fluoride must there 
fore have more s character than the sf* C-C bond of ethane, whilst the corresponding bond 
in the other methyl halides must have more p character, 

These conclusions are fully supported by a consideration of the directions of slope of 
the remaining lines. A progressive increase in p character in the C-X bonds must be 
accompanied by a progressive increase in the s character of the C-H bonds. These will 
therefore become progressively shorter, and their frequencies will rise down the same series. 
It will be seen from the Figure that the C-H stretching modes do alter in this way and that 
the slopes of the lines from the v, and the vy, vibrations are in the opposite direction to those 
of the deformation and the C-X stretching modes. The non-parallelism of the lines 
joining the C-H stretching modes is of course due to the effect of Fermi resonance on the y, 
vibration and after correction for this the lines are approximately parallel 

The directions of slope of the lines joining the CH deformation modes are also consistent 
with this interpretation. For the force constants and bond lengths of C-H links in sf’, 
sf*, and sp hybrids Walsh !? noticed that an increase in s character results in a decrease in 
the bending force constants. He attributes this to a reduction in the directional character 
which he associates primarily with p hybridisation. Our own findings could be explained 
on this basis or perhaps equally well in terms of the repulsive effects of the charge cloud 
situated between the C-X atoms. Inthe C-F bond this cloud is highly concentrated and, 
as the link is short, fairly close to the carbon atom, whereas in the C~—I bond it is more diffuse 
(lower ionisation potential) and further away so that it will offer less physical resistance to 
the deformation of the hydrogen atoms. The non-parallelism of the lines joining the 
separate CH deformation modes may also be explained on this basis, as a greater resistance 
would be offered in the case of the symmetrical deformation in which all the hydrogen atoms 
are brought up together than in the asymmetric deformation in which they are not. 

It will therefore be seen that the directions of slopes of the lines in the Figure give a 
self-consistent picture of a regular increase in p character in the C-X link, with corre- 
sponding increases in the s character of the C-H links down the series CH,F-—-CH,I. This 
is also consistent with that suggested by Coulson ' on the basis of the tetrahedral angles of 

'’ Walsh, Discuss, Favaday Soc., 1947, 2, 18 

” Coulee Victor Henri Memorial Vol. Contribution a |'Etude de la Structure Moleculaire,”’ 

1048, p. 15 
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the methyl! halides. It is therefore interesting to consider how far the observed frequencies 
(corrected as necessary for resonance or mass effects) afford a true quantitative picture of 
the hybridisation changes in a limited series, such as this, in which the range cf change is 
relatively small. This approach might permit the use of frequencies in following the course 
of hybridisation changes for some of those applications for which force constants have 
previously been employed.” It would be advantageous to substitute such a parameter, 
which can be measured with high precision, for one which is dependent on an arbitrary 
choice of force fields. That such a use is possible is strongly suggested by our earlier 
findings }-* in which frequency shifts have been quantitatively related to J and M effects in 
a number of cases, as these effects will themselves be directly related to the changes in 
hybridisation which they produce at the central atom. The magnitude of the frequency 
shifts observed is not inconsistent with this suggestion, as can be shown from the observed 
changes in the tetrahedral angles in the methyl halide series. These correspond to changes 
in the sf* hybridisation ratios of about 5%, over the whole series, and this is the order of 
change of the C-H stretching frequencies which, being least influenced by other factors, 
would be expected to provide the best measure of the hybridisation changes. 


Thanks are offered to Professors W. C. Price and H. C. Longuet-Higgins for helpful 
discussions, and to Dr. C. P. Conduit for assistance in searching the literature. This work was 
carried out during the tenure by one of us (R. L. W.) of a Senior Research Fellowship of the 
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543. The Activation of Carbon-Carbon Double Bonds by Cationic 
Catalysts. Part II.* The Effect of para-Substituents and of Solvents 
on the Dimerization of Diarylethylenes. 

By Atwyn G. Evans, N. Jones, Peter M. S. Jones, and J. H. THomas. 


The dimerization of 1: 1-di-p-tolylethylene and of 1-p-anisyl-1-phenyl- 
ethylene to the corresponding butene dimers, and the reverse reactions, were 
followed dilatometrically, trichloroacetic acid being used as catalyst, and 
benzene as solvent. For both these olefins, the rate-determining step in the 
forward direction is the attack of a monomer ion on a monomer molecule, and 
that in the reverse direction is the breakdown of the dimer ion, In this 
respect these olefins behave similarly to 1: 1-diphenylethylene (see Part I), 

The corresponding reaction for 1: 1-di-p-methoxyphenylethylene has 
been followed in detail in the forward direction only: attempts to isolate 
the dimer gave only an oil, In contrast to the results obtained for the above 
monomers, the rate-determining step for the dimerization of 1: 1-di-p 
methoxyphenylethylene is the formation of the monomer ion. 

Dimerization of 1: 1-diphenylethylene with trichloroacetic acid as 
catalyst, and the reverse reaction have been examined in nitroethane. 
The rate-determining steps are the same as in benzene, but the order in acid 
for both the forward and the reverse reaction is 2-4, and not 3-0 as in benzene, 
We interpret this difference as due to the smaller participation of acid mole- 
cules in the solvation of the ionic intermediates in the more polar solvent, 

A preliminary spectrophotometric study of the system benzene-trichloro- 
acetic acid~1 : 1-di-p-methoxyphenylethylene gives some indication of the 
nature of the ionic intermediates occurring in such acid-catalysed olefin 
reactions. 

In Part I we reported the dimerization of 1: |-diphenylethylene in benzene when 
trichloroacetic acid is used as catalyst. This work has been extended to the similarly 
* Part I, A. G. Evans, Jones, and Thomas, /., 1966, 1824 
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catalysed reactions of 1 : 1-di-p-tolylethylene, 1--methoxypheny]-I-phenylethylene, and 
1: 1-di-p-methoxyphenylethylene in benzene and of 1 : 1-diphenylethylene in nitroethane. 


EXPERIMENTAL 


Materials.-Trichloroacetic acid, 1: 1-diphenylethylene, and benzene were purified as 
outlined in Part I. 1: 1-Di-p-tolyethyl alcohol was prepared by the action of p-tolylmag- 
nesium bromide on 4-methylacetophenone. The alcohol was dehydrated by two distillations 
at reduced pressure, and the white 1; 1-di-p-tolylethylene obtained was recrystallized from 
dry light petroleum (b. p, 40—60°), and had m. p. 62-5-—63-0°, agreeing with that given in the 
literature,’ 

1: 1: 3; 3-Tetra-p-tolylbut-l-ene was obtained in a way similar to that used for the dimer 
of 1: 1-diphenylethylene (see Part I), but the following more rigorous purification was adopted 
in the present work, The dimer was washed with glacial acetic acid, and then boiled with water 
to remove sulphuric acid, It was recrystallized from glacial acetic acid to remove monomer, 
and then from light petroleum (b. p. 60—80°). It was fused under a high vacuum, and 
recrystallized from dry light petroleum (b. p. 60—80°). A pure white powder was obtained 
of m, p, 107-5-—108-0° (lit.,4 m. p. 107-56—108-0°), 

1-p-Methoxyphenyl-l-phenylethylene was prepared from the corresponding alcohol as 
described above, and the white solid recrystallized from light petroleum, The product had 
m, p. 76° (lit.,** m. p. 75°). The aleohol was obtained by the action of methylmagnesium 
iodide on 4-methoxybenzophenone. 

1 : 3-Di-p-methoxyphenyl-1 ; 3-diphenylbut-l-ene was prepared from the monomer by a 
method similar to that used for 1: 1; 3: 3-tetraphenylbut-l-ene (see Part I), The product, 
m. p. 113°, was the same as that obtained by earlier workers,* 

1: 1-Di-p-methoxyphenylethylene was prepared by the action of p-methoxyphenyl- 
magnesium bromide on p-methoxyacetophenone, or of methylmagnesium bromide on di-p- 
methoxybenzophenone. Both reactions gave the olefin directly. The product, after several 
recrystallizations from benzene and light petroleum, formed pure white plates, m. p, 144—145° 
(lit.,®m. p. 142-144"). 

1:1: 3: 3-Tetra-p-methoxyphenylbut-l-ene could not be prepared solid by the method 
used for the other olefins, but the following method gave a product containing a high percentage 
of dimer, To a saturated solution of the monomer in benzene sufficient trichloroacetic acid 
was added to cause a very fast reaction. When this reaction was over, the solution was washed 
with water to remove acid, evaporated under a high vacuum, and the residue recrystallized 
from acetic acid. Crystals of monomer were obtained, together with a viscous yellow oil. 
The molecular weight of this oil, determined by cryoscopic measurements in benzene, was 362. 
Since the molecular weight of the dimer is 480, we believe that the oil is a monomer—dimer 
mixture containing 67% of the latter. 

1: 1-Di-p-methoxyphenylethane was prepared by a method analogous to that of Anschutz 
and Hilbert.” A large (200-fold) excess of sodium was added slowly to a refluxing solution of 
1: 1-di-p-methoxyphenylethylene in absolute ethyl alcohol. The warm solution was diluted 
with water, and the excess of alcohol distilled off. The residual mixture was extracted with 
ether, and the organic extract recrystallized several times from dry ether and dried light 
petroleum (b. p. 60-——80°). The white powder obtained (60%) had m. p. 71—72°. The latest 
recorded m. p.4 is 70-72”. 

Nitroethane was obtained from Messrs. Light. It was kept over phosphoric oxide for 24 hr., 
distilled twice under reduced pressure at low temperature, and then fractionated up a 40-cm. 
point column, The fraction of b. p. 115° was used. 

Procedure.-The technique for the dilatometric work was identical with that outlined in 
Part I, Since the ions produced by addition of protons to these olefins are coloured, the 
solutions were also examined spectrophotometrically in a Unicam SP 500 spectrophotometer. 
Master solutions of trichloroacetic acid and olefin were made up independently, known volumes 
of each pipetted into 10-ml. graduated flasks, and the latter filled to the mark with solvent. 


' (a) Coops, Heitjink, and Kramer, Rec. Trav. chim., 1953, 72, 765; (b) Anschutz and Hilbert, 
Ber, 1024, 87, 1608 

* Schmitz-Dumont, Thomke, and Diebold, Ber, 1937, 70, 175 

* Hurd and Webb, /. Amer. Chem. Soc., 1927, 49, 549. 

* Tarbell and Lindstrom, tbid., 1946, 68, 1930 

* Price and Mueller, ibid., 1044, 66, 634 
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The spectra of the resulting solutions were observed, 1-cm. silica cells being used. For the 
system benzene-trichloroacetic acid~1 : 1-di-p-methoxyphenylethylene the effect of acid con- 
centration at constant initial monomer concentration, and of monomer concentration at 
constant initial acid concentration, on the absorption spectrum was examined. The efiect of 
temperature on the absorption was also observed, a photomultiplier technique being used as 
described earlier.* 


Results 

1 : 1-Di-p-tolylethylene.—(a) Dimerization reaction in benzene. (i) Analysis of reaction 
products. The volume change of a solution of trichloroacetic acid and olefin in benzene was 
followed until no further change was observed. The dilatometer bulbs were then opened, and 
the acid extracted with water and titrated with alkali. All the acid was recovered unchanged. 
The non-aqueous layer was evaporated under a high vacuum, and the residual oil washed with 
acetic acid. A white solid separated which was filtered off, dried, and weighed. It had m. p. 
107°, raised by one recrystallization from light petroleum to 108°, and this established the 
product as 1: 1: 3: 3-tetra-p-tolylbut-l-ene.* (Solutions of acid or of olefin alone in benzene 
showed no volume change during several months.) 

By measuring the densities, at different temperatures, of solutions containing pure monomer, 


Time (Ac) for curves Band C 
10 20 JO 


veg =F en re 


Fic. 1. Volume change during reaction in 
benzene. 


A: Forward reaction of 1: 1-di-p-tolyl- 
ethylene at 45°9°. Initial vol. 33-1 mi. ; 
acid concen. 0°254 mole 1~'; initial 
monomer concn. 0-464 mole 1. 
Formation of monomer from 1: 1:3: 3- 
tetra-p-tolylbut-l-ene at 45°9°. Initial 
vol. 24:2 ml.; acid concen. 0-625 mole 
do; imitial dimer concn. 0-139 mole 
44, 

/: Forward reaction of \ : \-di-p-methoxy- 
phenylethylene at 546°. Initial vol. 
20:3 ml.; acid concn. 1-22 « 10°* mole 
i-1; initial monomer concn. 0-332 ri 


. —— 4 
mole i~*. 20 40 
Time (hr) for curve A 


Volume decrecse(m/) for curves A ond C 


g aasn> 40; (yw) 2802s39u/ awnso,r 


pure dimer, and intermediate mixtures of the same total weight, dissolved in the same volume 
of benzene, we find that the volume of a given weight of solution varies linearly with the percen- 
tage by weight of dimer in it, thus confirming the assumption made in Part]. By this method 
the volume change occurring when | mole of monomer in | I, of solution is converted entirely into 
dimer was found to be 11-78 ml. at 33-8°, 11-90 ml. at 45-9°, and 12-19 ml. at 54-6°. The corre- 
sponding values calculated by the method used in Part I, from the volume changes measured in 
our acid-catalysed reactions, were 11-68 ml., 11-45 ml., and 11-81 ml., respectively. These two 
sets of values agree with each other within the experimental accuracy. 

The reaction does not go to completion, as is shown by the extent of the volume change during 
reaction. The recovery of dimer from the equilibrium mixture is more difficult in this case than 
for the dimerization of 1 : 1-diphenylethylene, because the monomer and dimer are both solids 
of similar solubility in benzene, but the method of recovery outlined above gives a value for the 
amount of dimer present at equilibrium which is 88% of that predicted by the observed volume 
change. 

(ii) Analysis of reaction curves. A typical reaction curve is shown in Fig. 1. These curves 
were analysed by the method of initial slopes as in Part I. 

(iii) Orders in monomer and acid. The variation of initial rate of reaction (a) with acid 
concentration at constant initial monomer concentration and (b) with monomer concentration 
at constant acid concentration was determined. The results are shown in Figs. 2a and 2b 
The order in monomer is 1-9 + 0-1, and in acid 28 + 0-2 at all three temperatures (see Table 3) 

(iv) Activation energy of the forward reaction. From the curves shown in Fig. 2 we can 
calculate the activation energy. A plot of log,, (mean rate constant) against 1/7 is given in 
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Vig. 3a, The average value of the activation energy is 6-6 +4. 0-5 kcal./mole. The rate con- 
stants, ky, were evaluated from the initial rate by using the expression 


Initial rate of forward reaction = kh, x {acid)* x [initial monomer}? 


where the initial rate is expressed as mole |. of dimer formed per sec. The acid concentration 

in this expression was calculated by using the molecular weight of the acid dimer (see Part I). 
(b) The reverse reaction, (i) Analysis of products. This was carried out as in the forward 

runs. (The benzene solution of dimer in absence of acid gave no change in volume.) The 


168. 2a and 2b, Orders in monomer, dimer, and acid in benzene as solvent 
(Monomer = | ; 1-di-p-tolylethylene in benzene. All concentrations in mole |,~!,) 
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dimer recovered from the equilibrium reaction mixture was always about 88%, of that expected 


from the volume change: this volume change was to within 5% the complement of that found 
when starting from monomer. A typical reaction curve is shown in Fig. 1, and these curves 
were analysed as for the forward runs. 

(ii) Order in dimer and acid. ‘The order plots were made as for the forward runs, and the 
eflect of the concentration of the reactants on the rate is shown in Figs. 2a and 2b, The order 
in dimer is 1-0 4. 0-2 and that in acid 2-8 4 0-2, These orders are independent of temperature 

(iti) Activation energy of the reverse reaction, The rate constants, &,, were evaluated 
from the initial rate by using the expression 


Initial rate of reverse reaction hk, x [{acid)* = [initial dimer) 


where the initial rate is expressed as mole 1.1 of dimer disappearing per sec., and the acid 
concentration is expressed in terms of the acid dimer, The activation energy, obtained from 
log,» (mean rate constant) against 1/7 plot shown in Fig. 3a, is 14-8 + 1-5 kcal. /mole. 

(c) Determination of the equilibrium constant, The orders in acid are the same for the forward 
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and the reverse runs, and so the equilibrium constants have been calculated from the concen- 
trations of monomer and dimer at equilibrium, {Monomer|, and | Dimer),, by using the expression 
K {Dimer),//Monomer},? as in Part I, and their values are given in Table 1. The change of 
log,, (mean K) with 1/T is plotted in Fig. 36. The exothermicity of the reaction (~AH”*), 
obtained from the slope of this line, is 8-4 + 0-5 keal./mole. A summary of the results is given 
in Tables 1, 2, and 3. 

1-p-Methoxyphenyl-1-phenylethylene.—The dimerization reaction and reverse reaction in 
benzene. ‘This reaction was similar in all essentials to that described above. No volume change 
occurred unless both acid and olefin were present. The product was shown * to be the but-l-ene 


Fics. 3a and 3b. Temperature se of vate constants and equilibrium constants for the 
1: 1-di-p-tolylethylene reaction 
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A, Dimerization reaction. B, Reverse reaction. C, Dependence of K on T 
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dimer by its m. p. 113°, and the acid was completely recovered from the equilibrium reaction 
mixture. The volume changes when 1 mole of monomer in | |. changes completely into dimer, 
found from the volume change during reaction as described in Part I, are 11-79 ml. at 33-9", 
11-89 ml. at 45-9°, and 12-04 ml, at 54-6°. These results were confirmed by measuring the 


TABLE 1. Rate constants and equilibrium constants. 
Olefin * hy |e 
R R’ Solvent Temp hy h, (mole? 1.) (mole! 
hey == Ragh o/h yp hy = Naty |Iye 
(mole™*! 1! sec!) (mole®* L.*! sec~*) 
oH, 33-8” 1-8 x lo 48 x lo” 
45-7 33 =x lo 13 =» lo* 
54-7 45 x 10° 2:7 x lo 
(mole 1,4 sec") mole 1,4 sec!) 
33°8 49 « 10 5-8 lo 
45-9 83 « lot 1-7 lo 
54-6 4 « lo* 28 x lo 
33°7 106 x lo 22 x lo* 
46-0 1:37 x lo* 61 lo 
54-6 158 x lO Il wo 
hy i“ 
(mole™* 1.* sec~*) 
MeQ) 33-8 40 «x lo 
459 82 *« lo 
54-6 1-29 « 10° 


hy Petielaw kh, hasheys LP 
(mole** 1.** sec!) (mole ** 1.** sec.~*) 
NO,Et 34-2 1d x lo 30 » 107 66 194 406 
4% a0 * lo? Tl x 10°77 2 73404 
54-6 30 » lo* 1. 


4 

37 x 1lo* 2-8 50 4+ O2 

Initial rate constants are given in moles of dimer formed or lost per |. per sec. for unit concen- 
tration of reagents in mole 1! 

* Order in acid 3-1, in monomer 2, in dimer | (from Part 1). * Order in acid 3, in monomer 2, in 
dimer 1. ‘¢ Order in acid 3, in monomer 1, Order in acid 2-4, in monomer 2 

* In Tables 1, 2, and 3, R and R’ relate to the olefin p-C,H,R-CCCH,)-C,H,R’-p. 

+ From Part I (loc. cit.) 
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TABLE 2. Changes in energy and entropy. 
-AG° ~AS° 
Oles Ey :, ~(E , _ : (keal (cal. mole" 
seemed (keal. : (kcal. mole) deg.”*) 
K R’ Solvent mole) mole™) 34° + 02° 34° + 0-2° 
Ey = (AH®, E, 
H 
Me 
MeO) 


MeO 4 bt O- a 3-3 + 0-6 


} Lge) ’ Ew) 
NO,Et 68 406 1434 14 75 4 20 97 4+ O05 
AH’, AG*, and AS* are for the 1 mole 1." standard state 
* From Part | (loc. cit.). 


TABLE 3. Order in reactants. 


Olefin Orders in acid ; Order in 

Kt’ Solvent forward runs reverse runs monomer 

H CoH, BI + 02 3-1 4 O-2 20 4 

Me P 2-6 + 0-2 2-8 + 0-2 1-9 4 

MeO Bl +O a1 + 02 2-0 4 

MeO 28 4 0-2 :, 1-0 4 

H 2-4 + 0-2 2-4 + 0-2 21 + 0- 1-2 + O-2 

* From Part I (loc, cit.). 


densities at different temperatures for solutions of dimer and monomer as described in Part I. 
Again, only 88%, of the yield of dimer expected from the volume change could be recovered 
from the equilibrium solution, The orders in reactants and the activation energies for the 
forward and reverse reactions, and the equilibrium constants and the exothermicity (—AH’°) of 
the overall reaction were determined as for the previous cases, and the results are given in 
Tables 1-3 

1: 1-Di-p-methoxyphenylethylene.-The dimerization reaction in benzene. (i) Analysis of 
products, The product has been isolated only as an oil, but this has been shown cryoscopically 
to be at least 67% dimer. This is supported by the fact that a solution of the oil in a benzene~ 
trichloroacetic acid mixture undergoes an appreciable volume increase with time. Since we 
have not isclated the pure dimer we cannot determine the volume change for the complete 
conversion of monomer into dimer in this case, The corresponding volume changes for the 
three previously discussed monomers, however, have agreed to within 4%, as one might expect 
since the para-substituents should have little effect on the volume change for the complete 
conversion of monomer into dimer. Thus we have assumed that the volume change when 
1 mole of 1: 1-di-p-methoxyphenylethylene in 1 1. goes completely into dimer is the same as 
that for 1: l-diphenylethylene, Experimental justification for this will be given later. 

On this basis we have estimated the weight of unchanged monomer in solution at equilibrium 
from the observed volume change. Analysis of the products as before gave complete acid 
recovery, and after treatment in a high vacuum an ethereal solution of the residue deposited 
an amount of monomer (m. p, 144°) which was 95% of that estimated as above, 

(ti) Orders in acid and monomer. The reaction curve (see Fig. 1) was analysed by the method 
of initial slopes, and the orders were found as described above (see Figs. 4a and 4b). The order 
in acid is 2-8 4 0-2, and that in monomer is 1-0 4+ 0-1 (see Table 3), The latter value is in 
strong contrast with the monomer order of 2 obtained for the monomers discussed above. 

(iii) Activation energy. The rate constant, ky, was evaluated from the initial rate by using 
the expression 


Initial rate of forward reaction = hy « [acid}* x [initial monomer) 


the same units being used for initial rate and acid concentration as for the other olefins. From 
the dependence of hk; on temperature (see Fig. 5a) the activation energy, E;, was found to be 
0-4 + 0-5 kcal. /mole. 
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(iv) Equilibrium constant. Assuming that the volume change for the conversion of 1 mole 
of monomer completely into the dimer is the same in this case as for | : ]-diphenylethylene, 
we have estimated the concentrations of monomer and dimer at equilibrium, (Monomer), and 
{Dimer),, in the 1: 1-di-p-methoxyphenylethylene reactions from the observed volume change. 


Fics. 4a and 4b. Orders in monomer and acid for | : 1-di-p-methoxyphenylethylene. (Concentrations 
in mole }.-*.) 
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Fics. 5a and 5b, Rate constants and equilibrium constants for | : 1-di-p-methoxyphenylethylene 
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(Curve C has been raised vertically by 0-1, and curve E lowered by 0-1.) 


If we plot log,, {Monomer), against log,, [Dimer), at equilibrium (see Fig, 5b) we obtain a straight 
line of slope 0-5 (as we do for the other olefins), which is the value one should get for a dimeriz- 
ation of this type having an equilibrium constant K « [{Dimer),/[Monomer|,*. The fact that 
the lines are straight, and of slope 0-5, is strong support for the assumption we have had to 
make in this case about the overall volume change. The mean values of K are given in Table 1. 
From the K values at the three temperatures, the exothermicity {(—4H°) has been found to be 
3-3 +. 0-5 kcal. /mole (see Fig. 5a). 
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We have not been able to isolate the pure dimer and so have not carried out the reverse 
runs for this olefin 

1: 1-Diphenylethylene.-T he dimerization and the reverse reactions in nitroethane. (i) Analysis 
of products. The product of the forward reaction has been established as 1: 1 : 3 : 3-tetra- 
phenylbut-l-ene in the same way as for the benzene solution (Part I). The dimerization 
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G8. 7a and 7b. Orders in monomer, dimer, and acid in nitroethane as solvent 
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G 54-6 0-768 
H 45°8 0-776 
33-8 0-786 
Initial dimer 
54-6 0-267 
45-8 0-270 
33-8 0-273 


proceeds only in the presence of both olefin and acid; no volume change occurs when olefin and 
solvent or when acid and solvent are kept together for several weeks. Neither the forward nor 
the reverse reaction, however, attains a steady equilibrium volume, There is some side reaction 
involving a volume decrease which causes a continuous drift of volume after all the dimerization, 
or all the reverse reaction, should be complete, This effect, which is slight at 34-2° and only 
becomes appreciable at 54°7°, is an interaction requiring the presence of all three components 
of the system (see Fig. 6). It was possible, however, to estimate the volume change which 
would have resulted if no drift had occurred, and to use these values, as described in Part I, to 
calculate the volume change for the complete conversion of 1 mole of monomer into dimer in 
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1 |. of solution. The values so obtained are 10-29 ml. at 34-2°, 10-25 ml. at 45-8", and 10-43 ml. 
at 54-7°. These values agree within 4% with the values found from density measurements, 
Complete recovery of acid was obtained, and the weights of dimer regained from the equilibrium 
solutions agreed, to within 5%, with the values calculated from the reaction volume change. 

(ii) Orders in reactants. By the method of initial slopes the order in monomer is 2-1 +- 0-1, 
and in dimer is 1-2 + 0-2 (see Table 3 and Fig. 7a). The order in acid for both the forward and 
the reverse runs is 2-4 + 0-2 at all three temperatures (see Fig. 7b) and these are seen to be 
lower than the values obtained in benzene as solvent. 

(iii) Activation energies. The rate constants h, and &, have been calculated by using the 
following expressions : 

Initial rate of forward reaction = hk, x {acid)** x [initial monomer]* 
Initial rate of reverse reaction kh, « [acid}** x [initial dimer} 


the same units as above being used for initial rate and acid concentration. The activation 
energies EL, and FE, have been obtained from the temperature dependence of &, and h,, and their 
values are given in Table 2, They are seen to be lower than those obtained for this olefin in 
benzene. 

(iv) Equilibrium constants, The equilibriufm constants have been calculated, as in Part I, 
from the volume changes occurring in reaction. They are given in Table 1, together with the 
rate constants. 


DISCUSSION 
(i) General Mechanism.—The results for all the olefins studied show that the reaction 
mechanism can be written as follows : 


sAH + Mio (HMtA-)ow.- ss es es 
b 


(HM*A~)eotr, + Me (HD*A~)ow, - - « « « « (Q 
b 


(Abe See D+ sAH 6 esti « » OO 
b 


where M is monomer, D is dimer, AH is acid, and the solvation of the ion pair includes 
(x — 1) molecules of AH. 

(ii) 1-p-Methoxyphenyl-\-phenylethylene and 1: \-Di-p-tolylethylene in Benzene.-—For 
these two olefins the orders in acid, monomer, and dimer are 3, 2, and 1, respectively, and 
the solutions of olefin-acid- benzene are coloured from the beginning of the reaction. Thus 
they fall into the same class as 1: l-diphenylethylene in benzene (see Part I), thas. is, 
x is 3, and the rate-controlling steps for the forward and the reverse reactions are (2a) and 
(2b) respectively, Thus he = hak = Ragkya/Ry, and k, : hy | Ky : haykap |Raa- 

The high order in acid we attribute to the fact that one acid molecule donates a proton 
to the olefin, and two acid molecules are included in the solvation of the ion pair, 

High orders in acid have also been observed in other acid-catalysed reactions. In the 
addition of hydrogen chloride to isobutene 7 and of hydrogen bromide to propene,*® orders 
in acid of about 3 have been observed. The cleavage of diethyl ether by hydrogen bromide 
in a variety of solvents * has given an acid order of 2 in toluene and chlorobenzene, 1-5 in 
chloroform, and 1 in acetic acid. In the depolymerization of paraldehyde # by mono-, 
di-, and tri-chloroacetic acid, and by hydrogen chloride in several solvents, the order in 
acid varied with temperature and acid strength but was generally about 2. 

In Part I we found a four-fold discrepancy between the ratio of &/k, and K, owing, 
we suggested, to an impurity in the dimer, which resulted in an increased rate of the reverse 
reaction. In the case of the 1-p-methoxyphenyl-l-phenylethylene, the results (Table 1) 


* Bentley, A. G. Evans, and Halpern, Trans. Faraday Soc., 1951, 47, 711; Bentley and A. G 
Evans, J., 1952, 3468 
7 Mayo and Katz, J]. Amer. Chem. Soc., 1947, 68, 1339 
* Mayo and Savoy, ibid., p. 1349. 
* Mayo, Hardy, and Schultz, ihid., 1941, 63, 427 
” Bell, Lidwell, and Vaughan-Jackson, /., 1936, 1792 
42 
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again show a discrepancy between k;/i, and K of about two- to three-fold. Here again 
we believe the values of k; and K to be the more accurate and the value of k, obtained 
from these two quantities to be a better value than that found from the initial slopes of 
the reverse reaction, 

In the case of 1 : 1-di-p-tolylethylene, the values of &;/k, and K agree to within 20%. 
This excellent agreement we believe is due to the fact that in this case a method of purific- 
ation of the dimer was adopted which was more rigorous than in the previous cases, and this 
result supports our view that it is the results for the initial rates of the reverse reaction 
which are the least reliable in the earlier cases. Further evidence on this point is given 
by the fact that values of k, obtained from the dimer of 1 : 1-di-p-tolylethylene purified 
by the old technique give values of k,/k, which are half that of the corresponding K value. 

(iii) 1: |-Diphenylethylene in Nitroethane.—The results for this system show that the 
mechanism is identical with that for this monomer in benzene, with the slow forward and 
reverse steps as reactions 2a and 24, respectively, but with the important difference that 
the order in acid in both forward and reverse reactions is 2-4 instead of 3. This we 
attribute to the fact that nitroethane is a much better solvent for ions than is benzene 
(see Part 1), and so the solvation of the ion-pairs does not involve trichloroacetic acid 
molecules to such a high degree. 

(iv) 1: 1-Di-p-methoxyphenylethylane in Benzene.-As yet, we have been able to follow 
only the forward reaction in quantitative detail in this case. For this, the order in acid is 
3, but, in strong contrast to the previous olefins we have examined, the order in monomer 
isunity. Thus we have the rate expression 


Initial rate of forward reaction == ky x [acid}® « [initial monomer} 


We interpret these results on the same system of reactions as given previously (equations 
1, 2, and 3), but we consider the slow forward step to be reaction (la). This would give 
the expression 

Initial rate of forward reaction = /,,{AH)*|M| 


which is of the same form as that found experimentally where ky = 4,,. This inter- 
pretation is supported by the fact that, even at high acid concentrations where the ioni« 
concentrations will be the most easily detectable colorimetrically, the solution is colourless 
during the early stages of the forward reaction, whereas when equilibrium has been 
established it is coloured. For all the other olefins we have so far studied, the olefin--acid 
solvent system is coloured throughout the whole of the reaction and at equilibrium. 

The value of K for the overall reaction is given by the expression K = {[Dimer),/ 
{Monomer |,* and is related to the individual velocity constants as follows : 
hy Kae hee 


K = K,K,K, 


hy hay Rap 
For this olefin, kg = Ay, and so k, is not equal to K/k and a knowledge of K cannot be used 
to find &, from the value of Ay. 

(v) lonte Concentrations..-Since the ionic intermediates which we postulate should 
have a characteristic absorption spectrum, it would be good evidence for the proposed 
mechanism if we could show spectroscopically that the equilibrium concentrations of such 
ions were dependent on the acid and olefin concentration in the way demanded by equations 
(1), (2), and (3). We have been able to show this to be so for equation (1) in the case of 
1 ; 1-di-p-methoxyphenylethylene, For this olefin the spectrum of the equilibrium 
mixture of monomer and dimer in a benzene solution of high trichloroacetic acid concen- 
tration is very similar in shape (for several hours) to that of the monomer in concentrated 
sulphuric acid (see Fig. 8), in which latter solution (by analogy with the case of 1 : 1-di- 
phenylethylene in the same acid ™. !. 14) we should expect the monomer ion to be present. 
Further, in the solutions used for this spectroscopic examination the olefin concentration 

! A. G, Evans and Hamann, Proc, Roy. Dublin Soc., 1950, 26, 1939; A. G. Evans, J. Appl. Chem., 
1961, 1, 240 

' Gold and Tye, J., 1952, 2172 

" Gold, Hawes, and Tye, thid,, p. 2167 
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has to be very small, and under the conditions we have used, about 80—95% of the olefin 
will be present as monomer (as calculated from XK), after the very rapid attainment of 
equilibrium. Thus we have taken the value pf | D, . dd of the spectrum as a measure of 


the concentration of the monomer ions in these equilibrium solutions, since the spectrum 
is so similar to that of the olefin in concentrated sulphuric acid and since the concentration 


Fic. 8, Absorption spectva of 1 : 1-di-p-anisylethylene solutions at 20° 
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(The symbols on these curves do not represent the experimental points, but are used to characterise 
the different curves.) 


Fics, 9a and 9b. Dependence of the optical density on acid and olefin concentrations in the 
1 : 1-di-p-methoxyphenylethylene—benzene-trichlovoacetic acid system at equilibrium 
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of dimer ions will be so much smaller than those of the monomer ions. Making these 
assumptions, we have found the effect of acid concentration and total | : 1-di-p-methoxy 
phenylethylene concentration on the monomer ion concentration of the olefin~acid—benzene 
solutions which have attained equilibrium. The results are shown in Fig. 9 (D, is propor- 


tional to he . dd) for the case where (a) acid is varied at constant total olefin concentration, 


and (5) olefin is varied at constant acid concentration. It is found that the concentration 
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of the monomer ions (taken as proportional to Dyog) depends on the acid concentration 
to the power 2°7 + 0-2 and on total olefin concentration to the power 1-0. This is con- 
clusive evidence that equilibrium (1) exists. In Fig. 10 we give typical plots of logy Dsoo 
against 1/7. From the slopes of these lines, allowing for the normal expansion of the 
solution, we obtain a value of -+-3-5 + 0-2 kcal./mole for the exothermicity (—AH*,,) of 
reaction (1a) in this system. 

We may obtain an approximate value for the concentration of monomer ions in this 
system by making the further assumption that, although there is a peak shift of 13 my 


(see Fig. 8), the value of | D, . di. is the same in these solutions as for the same concentration 


of I* ions in concentrated sulphuric acid, This method of determining the R* ion concen- 
tration has been justified by experiments made on solutions of tri-p-tolylmethyl halides 
in m-cresol, where a peak shift of 4 my was obtained.“ In this way we find that for a 
total olefin concentration of 6-4 x 10° mole |! (measured in terms of monomer) and 
acid concentration of 44 « 10™ mole 1! (measured in terms of the dimer acid), the 


Kia. 10. Lffect of temperature on the colour of the 1; an a ena tte trichloroacetic 
acid-benzene system at equilibrium, 
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concentration of monomer ions is 1-7 x 10% g.-ionL~4. Thus K, = 3-1 x 10° mole™4.3, 
and AS*s, 19 cal. deg! mole! for the 1 : 1-di-f/-methoxyphenylethylene-trichloro- 
acetic acid-benzene system at 18°, 

(vi) Acid Olefin Interaction.-When the trichloroacetic acid-benzene solutions of 
1 : 1-di-P-methoxyphenylethylene which gave the spectrum B, shown in Fig. 8, are left 
for long periods it is found that a second peak develops at ca. 680 my (see Fig. 8, curves 
Cand D). This second peak does not develop at all in concentrated sulphuric acid solutions 
of this olefin. For the concentrations of the experiment shown in Fig. 8, the peak at 
500 my (curve B) develops immediately and remains virtually unchanged with time. This 
phenomenon must mean that, when this olefin is dissolved in trichloroacetic acid—benzene 
mixtures, there is (a) a rapid proton transfer to form the classical carbonium ion *CR,Me 
similar to that existing in the concentrated sulphuric acid solutions of the olefin (by analogy 
with the case of 1: l-diphenylethylene in this acid ™.1*-"), and (b) a slow interaction of 
the olefin with the acid to give a coloured species different from this classical carbonium 
ion, During the time taken to achieve the monomer-dimer equilibrium in our dilatometric 
experiments, this second species is present in negligible concentration, and so we consider 
that the effective ion intermediate in the dimerization (equations 1, 2, and 3) is the classical 
ion, 

“4 A G. Evans, McPwan, Price, and Thomas, /., 1955, 3098 
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It is of great importance, however, to investigate further the nature of the second 
coloured species. This species might be due to the interaction of the acid (a) with the 
olefin double bond, or (b) with some part of the olefin molecule other than the double bond. 
To determine which of these alternatives is correct, we have examined a solution of 1 : 1-di- 
p-methoxyphenylethane in benzene-trichloroacetic acid. (Concentrations; 1: L-di-p- 
methoxyphenylethane 3-! x 10° mole 1.!, trichloroacetic acid 1:35 mole lL.) This 
solution was colourless even after 700 hr. Since the concentrations here are greater than 
those for the olefin experiment shown in Fig. 8, it is clear that the peak in the 680 mp 
region must be due to a coloured species formed by the interaction of the acid with the 
olefin double bond. For a solution of olefin and acid of comparable concentration to this 
ethane-acid system the optical density of the 680 mu peak would be 10-5. 

Taft, Purlee, Reitz, and DeFazio * have recently suggested that two distinct species 
may be formed by the interaction between acid and olefin to account for their results on 
olefin hydration. They suggest a rapid equilibrium formation of a r-complex followed by 
the slow rate-determining isomerization of this to the classical ion, and the subsequent 
reaction of this classical carbonium ion with water to give the alcohol. 

Our work, therefore, supports these authors’ suggestion that two distinct species may 
be formed, and can coexist, in the interaction of an acid with an olefin, viz., (a) a classical 
carbonium ion *CR,Me in which the proton donated by the acid forms a covalent bond 

' + 
with the carbon atom, and (6) a complex which may be written RL CH, in which 


the proton from the acid is associated in some way with the olefin double bond. The fact 
that under the conditions of our experiments both these species have an independent 
existence is conclusively demonstrated by their entirely different rates of formation. [Since 
the species can coexist, the migration of the proton from the double bond to the 2-carbon 
atom, or vice versa, either directly or through the (olefin +- acid) initial state, must involve 
the surmounting of a free-energy barrier.) 

Our present results, however, do not show that the complex is formed first and that the 
classical ion is subsequently produced from it, but indicate either or both of the following 


mechanisms : 
classical carbonium ion 


(a) Olefin +- acid 


~ 


coloured complex 


(b) Olefin + acid =—> classical carbonium ion [—™ coloured complex 


Further work is being carried out on these coloured species in various olefin-acid 
systems, since preliminary experiments have shown that many such systems have two 
absorption peaks in the visible region. 

The measurements of classical carbonium-ion concentrations, described in section (v) 
and shown in Figs. 9 and 1%, were carried out on solutions which had reached monomer 
dimer equilibrium, but had not had time to develop any peak due to this coloured complex. 

(vii) Effect of Substituents.—({a) When the rate-delermining step is reaction (2a). As the 
power of the para-substituent group to promote ionization increases, two effects are 
observed. First, the overall equilibrium constant K (= K,K,K,) decreases; this means 
that the introduction of such a para-substituent group reduces the free energy of the 
initial state of the overall reaction (1.e., two solvated monomer molecules) with respect to 
the fina! state of the overall reaction (i.¢., one solvated dimer molecule), Secondly, the 
velocity constant of the forward reaction ky (== ka,ky,/ky) imereases: so the reduction 
in free energy of the transition state of reaction (2a) with respect to the final state of the 
overall reaction is greater than is the corresponding reduction for the initial state of the 
overall reaction. 


* Taft, Purlee, Reitz, and DeFazio, J. Amer. Chem. Soc., 1965, 77, 1587 
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The energy values found for these reactions show that the introduction of these para- 
substituents causes AH® (= 4H%,, + SH°,, + 4H%s,) to become more positive, and Ey 
(= SH°; + Ey.) to become less positive. Thus the effect of these groups on the energies 
of these states follows their effect on the corresponding free energies. 

Further, we find that the temperature-independent factor, A, of the rate equation, 
hy == A exp (E;/RT), is virtually unaffected by the introduction of these para-substituents 
\t.¢., AS (= AS*, + AS¢,) is practically constant}, and so the effect of these groups on the 
rate constants, ky, is due almost entirely to their effect on the energies of the states involved. 
This is to be expected since these substituent groups are in the para-position and so will 
not effect the solvation of the transition state. AS¢ is very negative for these three olefins 
(58-0, — 570, —58-0 cal. mole deg.) for the 1 mole |.~! standard state for the unsubsti- 
tuted, the di-p-methyl-substituted and the mono-p-methoxy-substituted 1 : 1-diphenyl- 
ethylenes, respectively). We attribute this to the fact that there are so many molecules 
having special orientation in the transition state of reaction 2a. 

In contrast to the above it is seen that as AH® becomes more positive with introduction 
of the para-substituents, AS° (== AS*,, + AS°,, 4+- 45°.) also becomes more positive. 

(b) When the rate-determining step is reaction (la). For the case of 1 : 1-di-p-methoxy- 
phenylethylene the values of AH® and of AS° fall into line with the other olefins studied. 
[his is to be expected since these values are not dependent on mechanism. The value of 
hy (= kya) is high, but we cannot compare it directly with the other 4 values because of 
the difference in mechanism. The activation energy FE; (== Ey,) is 9-4 kcal./mole. The 
entropy of activation AS¢ (== AS,,*) is —31-8 cal. deg.” mole, which is more positive than 
are those for the other olefins studied, owing, we believe, to the fact that only one monomer 
is involved in the transition state of the rate-determining step, reaction (la). The fact 
that the entropy of activation is more favourable for this mechanism than for that in which 
reaction (2a) is the slow step, means that the change of the rate-determining step from 
(2a) to (1a) will occur even before the value of E,, is less than that of (AH*°,, + Eg). 

A fuller discussion of the effect of substituents will be given later. 


One of us (P. M.S. J.) thanks the D.S.I.R. for a Maintenance Allowance. 
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544. Electrochemical Studies on Polonium. 
By K. W. BaGnaty and J. H. Freeman. 


The potentials of the systems : 
(1) Satd. calomel electrode| KCI(satd.)'N-HNO,'Po!Y in N-HNO,|Po on Au, 
(2) Sate. calomel electrode} KCl(satd.):N-HCI'Po!Y in n-HCI|Po on Au, 

and 
(3) Satd. calomel electrode] KCI(satd.):n-HCl:Po!Y, Po! in n-HCI|Pt 


have been measured. The value obtained from the nitric acid system 
(E, + 0-76 v) is in good agreement with that proposed by Haissinsky 
(+ 0-77 v) as a mean of the results obtained from tracer experiments and it is 
therefore concluded that the abridged form of the Nernst electrochemical 
equation is valid for polonium at concentrations greater than 107M, 


Haissinsky ' reported an unsuccessful attempt to measure the electrode potential of 

polonium directly, using 10~° g. of **°Po. The first indirect measurements at tracer con- 

centrations were made by Paneth and Hevesy.* The rate of deposition of the polonium 

was measured at a series of cathode potentials, and by extrapolation of the results the 

“ critical deposition potential’ was obtained. The method was improved by Joliot,’ 
' Haissinsky, Chim. phys., 1035, 32, 116 


* Paneth and Hevesy, Sitzungsber. Ahad. Wiss. Wien, Abt. Ila, 1913, 122, 1037 
* Joliot, J. Chim. phys., 1930, 27, 119 
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who made a comprehensive study of the tracer-level electrochemistry of polonium, and, 
later, by Haissinsky and others.* At very low concentrations, however, where the quantity 
of tracer is insufficient to cover the entire electrode surface, anomalous results have been 
obtained. Wertenstein,®, Joliot,* and Heal ® found no change in the deposition potential 
of polonium in solutions more dilute than 10-*m, and it was suggested that the abridged 
Nernst electrochemical equation was not valid for polonium under these conditions. More 
precise measurements ? showed a marked potential shift in a direction opposite to that 
predicted by the Nernst equation, and from the results obtained by the numerous 
workers on the tracer deposition of polonium, they proposed the value +0-77 v for the 
normal electrode potential. 

Power * recently studied the electrochemical behaviour of polonium in 4-7M-hydrochloric 
acid, using a modified form of Joliot’s method. Inflections were observed in the deposition 
potential curve at 0-64, 0-56, 0-44, and 0-34 v, and it was concluded that these indicated 
several oxidation states of polonium in hydrochloric acid solution. However, the inflections 
are not well defined and the chemical behaviour of polonium in hydrochloric acid does not 
substantiate this supposition. 


EXPERIMENTAI 


All experimental work was carried out in a glove box in order to minimise the hazards 
associated with curie quantities of polonium.® Each determination was made on approx. 
0-2 mg. (1 curie) of #Po, 

System (1). The cell used for the measurements is shown in Fig. 1. To prevent contamin- 
ation of the electrolyte with traces of chloride ion which would radically affect the potential, a 
bridge (B) containing nitric acid was introduced between the cell and the saturated calomel 
electrode. All potential measurements were made on an Electronic Instruments pH meter 
which had been standardised against a Pye precision ver.ier potentiometer. 

The polonium was available as a solution in nitric acil, and spectrographic anabyses re 
vealed no impurities other than those associated with the “ / nalak "’ nitric acid in which it was 
dissolved. To ensure the purity of the polonium it was electrodeposited on to gold foil and 
vacuum-distilled * before each experiment. The metal was then dissolved in nitric acid and 
electroplated on to a gold wire of 0-012” diameter which was used as the polonium electrode 
in the subsequent experiment. Because of the short half-life of “Po (t,,. = 1384 days) a small 
quantity of Pb (ca. 0-5%) grew into the polonium during the experiment, 

On completion of the deposition the polonium electrode was washed and transferred to the 
cell (A) (Fig. 1) which contained n-nitric acid. Nitrogen was bubbled through the solution 
until a small quantity of the polonium had dissolved from the electrode. The nitrogen was 
then cut off and a reading of the potential, with respect to a saturated calomel electrode, was 
taken as soon as it attained equilibrium (ca. 10 sec.), The solution was then stirred and sampled, 
and the polonium concentration estimated in an air ionisation chamber.” A potential of 
2 v was applied across the cell to prevent further dissolution of the polonium during the assay- 
ing. Under these conditions the rate of deposition of the polonium is too slow to cause a sig 
nificant error in the estimation. The procedure was repeated until a series of values of the 
potential at various concentrations had been obtained. 

System (2). In the measurements of the potential of the polonium chloride complex the 
procedure was the same as that described above, except that the cell and bridge were filled with 
hydrochloric acid, 

System (3). A solution of polonium in hydrochloric acid was reduced by sulphur dioxide to 
the pink bivalent state in a smaller version of the cell shown in Fig. 1. Nitrogen was bubbled 
through the solution to remove the excess of sulphur dioxide and other gases produced by radi- 
ation decomposition. The potential of a platinum electrode in the solution, with respect to a 
saturated calomel electrode, was recorded as a function of time. 


‘ Eg., Coche, Paraggi, Avignon, and Haissinsky, /. Phys. Radium, 1949, 10, 312 
5 Wertefistein, Compt. rend. Soc, Sci, Varsovie, 1917, 10, 771 

* Heal, Nat. Res. Council Canada, Report M.C. 33, 1943 

” Haissinsky and Coche, J., 1949, S 397 

* Power, American Report MLM 909, 1953 

* Bagnall, D’Eye, and Freeman, /., 1955, 2320 

'® Cuykendall and Findlayson, American Report MDCC-341, 1046 
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Kesults,—The results (see Table) give a mean value of E,% Po/Po(iv), N-HCl = 0-55 v, 
and hence K, for the reaction Po** +- 6Cl- =" PoCl,*~ is approximately 10, 


DISCUSSION OF RESULTS 


In the interpretation of the results the following factors must be taken into consideration. 

Reversibility of the Electrode.—E-ven in dilute acid solution some spontaneous dissolution 
of the polonium takes place, which may be due to the effect of the intense a-bombardment 
on the solution in the vicinity of the electrode. Under these conditions the electrode is 
not in thermodynamic equilibrium with the solution. The dissolution is, however, slow 
(ca. 2 x 10°* g./sec.) and should not appreciably affect the equilibrium potential. 

a-Bombardment.—The a-flux from the electrode coated with 1 curie of polonium is of 
the order of 2 x 10" a-particles per sec. per sq. cm. across the small annulus of liquid in 
contact with the electrode, corresponding to an energy dissipation of 31-6 milliwatts and 
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A 5 * 10-*m-Po in n-HCl, 


Fic. 1, Electrolytic cell. 


the disruption of ca, 2 K 10" solvent molecules per second. The effect of this factor on 
the potential is not known, 

Concentration Polarisation.—Dissolution of the polonium during the measurement of 
the potential will cause concentration polarisation effects in the vicinity of the electrode. 
This effect is reflected in the variations of Ey," observed in any particular experiment and 
does not appear to be large. Stirring of the solution should reduce the effect, but it was 
found that this caused a marked negative potential drift and reproducible results could 
not be obtained. The magnitude of the shift was greater than would be expected from 
concentration effects, and its origin is not clear. Consequently all measurements were 
made under static conditions. 

State of the Polonium in Solution.-(a) Nitric acid solution. It is known from trans- 
ference experiments '! and solubility determinations ! that polonium in nitric acid is in a 
partially complexed state [Po(NO,),~, PoO**, etc.]. The potential measured is that of 
the species of ion present in the solution, but it is probable that at least part of the polonium 
is present as Po** ions and even if this proportion were as low as 10°, it would affect the 
reversible electrode potential by only a few millivolts. No assessment can be made of the 
magnitude of this factor until quantitative data are available on the state of polonium in 
nitric acid. The use of other acids for measurement of the potential is limited by the 


'! Haissinsky, J. Chim, phys., 1933, 29, 453 
* Orban, American Report MLM 973, 1964 
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tendency of polonium compounds to hydrolyse, the solubility of the polonium salts formed, 

and the very marked tendency to form stable complexes. 

The mean value, FE," = 0-76 v, is in good agreement with that obtained at much lower 
concentrations by a fundamentally different method in which the first three factors play 
no part, and it is in accord with the properties of polonium.’ In particular, it lies, as 
would be expected, between the values for silver and tellurium in the electrochemical 
series. 

Potential measurements. 
(b) Polonium in n-hydrochloric acid, Temper- 

(a) Polonium in n-nitric acid. Temperature 22°. ature 22°. 

10* x Equilm, Po Obs. potential (v)* E,™ (v) 10° x Equilm. Po Obs. potential (v) * E™ 
conen. (M) (--0-001 v) (-+-0-001 v) concn. (mM) (40-001 v) (+-0-001 v) 
Expt. 1. Initial quantity of polonium on Expt. 1. Initial quantity of polonium on 

electrode = 1-4 curies of *#°Po, electrode = 1-2 curies of *”Po 
1-31 0-447 0-763 “6 0-232 0-551 
4-07 0-450 0-758 : 0-233 0-550 
7-27 0-452 0-757 Bs 0-233 0-549 
7°59 0-453 0-756 2°36 0-233 0-544 
8-77 0-454 0-756 2-47 0-235 0-545 
9-85 0-454 0-756 2-6: 0-236 0-545 
3°25 0-236 0-544 
Expt. 2. Initia! quantity of polonium on 0: 0-237 0-644 
electrode = 0-9 curie of #!*Po, 
0-37 0-442 0-766 Expt. 2. Initial quantity of oo ae on 
1-07 0-447 0-764 electrode 3 curies of *'°Po 
1-4] 0-447 0-764 0-60 237 0-557 
1-56 0-447 0-762 0-87 242 0-560 
2-62 0-449 6-761 1-20 243 0-559 
2-89 0-450 0-760 2-08 246 0-657 
0-760 2-57 ‘247 0-558 
s 3-54 246 0-555 
Expt. 3. Initial quantity of polonium on 
electrode = 1-7 curies of 2°Po, Expt. 3. Initial quantity of ree on 
1-05 0-446 0-763 electrode 1-1 curies of *#°Po 
1-40 0-447 0-762 0-10 0-218 0-543 
2-60 0-449 0-760 O18 0-225 0-549 
505 0-450 0-757 0-42 0-230 0-552 
6-50 0-454 0-759 0-65 0-231 0-551 
1-38 0-232 0-47 
The results give a mean value of BE," = 0-76 v. 1-93 0-233 0-646 
2-73 0-234 0-544 
* With respect to a saturated calomel electrode 


The agreement between the values obtained in this work and those obtained on the 
tracer scale may be evidence for the validity of the abridged Nernst electrochemical equa- 
tion at dilutions greater than 10-7. 

(b) Hydrochloric acid solution. Diffusion experiments ™ indicate that polonium in 
hydrochloric acid solution is present in the form of bivalent ions; there is abundant 
evidence * 4.15 for the precipitation of hexachloropolonite from hydrochloric acid solution, 
and solubility measurements of polonium tetraiodide in hydriodic acid '* indicate that the 
polonium is present almost entirely as the Pol,?~ ion in hydriodic acid solution more con- 
centrated than 0-02n. It therefore seems probable that the species present in hydrochloric 
acid solution is the PoC},?~ ion, although the PoCl,~ or the HPoCl,~ ion may also be 
present. 

Measurements of the potential of a polonium electrode in 0-Im-hydrochlorie acid gave 
very erratic results (Eg ~ 0-63 v). The variation in the observed values is probably due 
to the hydrolysis of polonium tetrachloride at this acid concentration. However, the 
approximate value obtained is of the correct order for a tenfold change in chloride con- 
centration assuming the predominant ionic species to be PoCl,~ or PoCl,*~. 

1) Hevesy, Phil. Mag., 1914, 6, 27. 

' Guillot, J. Chim. phys., 1931, 28, 92 


'® Staritzky, American Report LA 1286, 1951 
'* Bagnall, D’Eye, and Freeman, unpublished work 
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(c) The redox potential of polonium in hydrochloric acid. Yellow polonium tetrachloride 
is reduced to the pink bivalent chloride by sulphur dioxide, arsenious oxide, or hydrazine.® 
In migration experiments on a solution of polonium dichloride, the polonium was con- 
centrated in the anode compartment of the cell and hence it is concluded that it is present 
in solution principally as a complex ion (e.g., PoCl,?~ or PoCl,~). Attempts to measure 
the potential of the electrode system Po/Po(11) were unsuccessful. Even in the presence of 
reducing agent the potential of the electrode was the same as that of the system Po/Po(tv). 
However, in the small annulus of liquid surrounding the polonium electrode, the intense 
a-bombardment produces a strong oxidising effect due to the radiation decomposition of 
the solvent, and it seems unlikely that any of the reduced ion exists in this region. An 
alternative explanation is that the potentials recorded above are, in fact, those of the 
Po/Po(t) electrode. Although this explanation is thermodynamically feasible, it seems 
unlikely. 

Direct measurement of the redox potential is complicated by the autoxidation of the 
polonium by the hydrogen peroxide and chlorine produced from the «-bombardment of 
the solution, and this property of the reduced polonium solution was utilised to determine 
the redox potential. A reduced solution of polonium dichloride was allowed to oxidise 
itself to the quadrivalent state and the potential of the system (with platinum, saturated 
calomel electrode) was plotted against time. From the curves obtained an estimate of 
the redox potential was made (see Fig. 2). 

Consider the redox equation 


FD E, + (RT /2P) In (Po**)/[Po*] . . . . . « (i) 


and the two equilibria Pot’ 4. nCl- —» PoCl,@- > (n = 5 or 6) and Po** + mCl- —»> 
PoC," > (m « 3 or 4). The corresponding equilibrium constants are 


kK, PoC], “> Pot! }{(Ci-]* 
and Ky PoCl,,~ 9~}/{Po®*}[Cl-]* 


and substitution in (1) gives 


RT kK, {Cl PoC, ("> © 
l ¥ 
27 OK, [Cl-}* | PoC, ~ © 


RT RT {PoCL,@- © 
sz In (Cl-)" n 
Dy JRF Pol la” 2) 


l Ee RT /2¥F) In (Cl-\*~™ when [PoC], @~ >} =< [PoCl,,> >} 


In principle it should be possible to determine the value of (% — m) by measurements at 
a series of chloride concentrations. In practice, although the curves obtained were quite 
reproducible, the form of the graphs does not correspond exactly to the normal redox curve 
and i,’ cannot be estimated with sufficient accuracy to determine (n — m). The deviation 
froth normal behaviour is probably due to the fact that the system is not in thermodynamic 
equilibrium, although the rate of change is very slow. The system also contains small 
quantities of oxidising radicals, since their removal by the nitrogen stream or by the 
bivalent polonium is not instantaneous, 

From Fig. 2, if it is assumed that the reduced and oxidised ions are PoCl,?~ and PoCl,? 
respectively, then E> Pt/ Pol 1,? , Pol 1,* =~0-72 v. From Luther’s rule, 


FJ! PoCle-/PoCl,?- = (4(E,! Po/PoCl,?-) — 2(E 4" Po/PoCl,*-)}/(4 — 2), 
and hence EF," Po/PoCl,?> ~ 0°38 v. 


Most of the difficulties and uncertaintieg¥encountered in this work would be eliminated 
if milligram quantities of 200-yr. 2 Po, or even 3-8-yr. *°*Po, were available. 


Unrrep Kinocnom Atomic Engrrcy AutTuority, A.E.R.E., 
HARWELL, NR. Dipcor, Berks (Received, December 14th, 1955.) 
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545. Molecular Polarisability. The Molar Kerr Constants of 
Benzyl Alcohol and Aniline at Infinite Dilution. 


By M. Aroney and R. J. W. Le Fivre. 


The molar Kerr constants of benzyl alcohol in carbon tetrachloride or 
benzene, and of aniline, dimethylaniline, and diethylaniline in benzene are 
found to be positive at infinite dilution. The first two solutes show negative 
mé<'s as pure liquids. Suggestions made earlier, based upon dielectric polaris- 
ation observations, are thus verified by experiment. Aniline must have a 
pyramidal configuration; it cannot be the flat Y forecast by considerations 
of resonance. The polymers of benzyl alcohol or aniline, formed by hydrogen 
bonding in concentrated solutions, exhibit negative electric double refraction, 
The dialkylanilines, in which hydrogen bonding is impossible, exhibit positive 
Kerr effects both as pure liquids and at infinite dilution. 


It has recently been demonstrated ! that the “ true ’’ dipole moment of benzyl alcohol 
(determined as a gas) is greater than the apparent value deduced from measurements on 
solutions in benzene. Previous work ? had indicated that aniline behaved similarly. The 
interest of these cases lay in the fact that the two solutes in bulk have negative Kerr con- 
stants 4 and, on earlier ideas,“ should therefore have been expected to exhibit join, /gns 
ratios of more than unity. Le Févre, Roberts, and Smythe * suggested that aniline would 
not be anomalous if the algebraic sign of the Kerr constant appropriate for separate mole- 
cules (i.¢., the constant at infinite dilution) were positive 

The present paper records (a) dielectric-polarisation data for the system benzyl alcohol- 
carbon tetrachloride, and (+) electric double-refraction observations on benzyl alcohol, 
aniline, dimethylaniline, and diethylaniline, dissolved in benzene, and on benzyl alcohol 
dissolved in carbon tetrachloride. 

From (a) we find for benzyl alcohol at 25°: (»Ps)ou, = 93-9 c.c., Rp = 326 c.c., 
Whence apparent 1-72 p. For benzyl alcohol therefore the pioio,/tgns Quotient is ca, 1 
(Buckingham, Holland, and Le Févre ! reported p,,, as 1-71 p, but their polarisations were 
computed relatively to benzene the polarisation of which was taken as 26-62 c.c. Since 
we now believe Prenrene (eas) to be at least 27-0 c.c.—cf. Le Févre and Rao ''—the value 
1-71 D requires raising slightly. 

From (6) we find that AB (the difference between B,, and B,) depends on concentration 
as follows : 

Ww, range, 
0 to 10°AB 

Benzyl alcohol-CCl, 0-062 3-44w, — 71-lw,* + 237w,* 

Benzy! alcohol-benzene 0-090 2-16w, — 61-7w,* + 360w,* 

Aniline—benzene ......sccrecccsccccssscsessccescoecess 0-298 1-50w, — 8-02w,* + 12-2w,* 

Dimethylaniline~benzene 0-03 6 1l3w, + 41w,* 

Dieth ylaniline-benzene 0-02 703u, + 8lw,'* 


(The symbols used throughout are those defined  * by Le Févre and Le Févre.) In- 
vestigation of the last two cases was not extended to higher values of w, since the pure 
dialkylanilines have positive Kerr constants and no inflexion of the AB-w, curve was to 
be expected. Leiser * quotes electric birefringences, relatively to that of carbon disulphide, 


' Buckingham, Holland, and Le Févre, J., 1954, 1646. 
Le Févre, Roberts, and Smythe, J/., 1949, 902. 
Leiser, ‘‘ Abhandlungen der deutschen Bunsen-Gesellschaft,'’ 1910, Nr. 4 
Le Févre and Le Févre, /., 1935, 1747 
* Le Févre, Nature, 1935, , Bl 
Le Févre and Russell, Trans. Faraday Soc., 1947, 48, 374 
Le Févre and Ross, J., 1950, 283. 
Le Févre, Mulley, and Smythe, J., 1950, 290 
Barclay and Le Févre, J., 1950, 556 
Angyal, Barclay, and Le Févre, J., 1950, 3370 
Le Févre and Rao, Austral, i Chem., 1955, 8, 39. 
Le Févre and Le Févre, /., 1953, 4041. 
Idem, ]., 1964, 1577. 
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as CgH,-CHyOH, —4-77; aniline, —0-38; dimethylaniline, 43-12; and diethylaniline, 
|} 3-23; Lippmann ™ gives aniline as —0-507. Application of the absolute values of 
Bre, cited by the 1.C,T.!* therefore produces, for w, = 1, 107B, as : 

Li Hyon, = ~15°4 Bowty Me, + 10-1 

Begty wn, oe — 1-23 or 1-64 Bowyer, +104 

Our first three equations (above) require maxima for AB at w, = 0-028, 0-032, and 0-109, 
respectively. Figs. 1 and 2 show certain of the present results graphically; Fig. 1 includes 
the points from Lippmann “ to which reference was made by Le Févre, Roberts, and 
Smythe.*? 
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EXPERIMENTAL 
The apparatus, techniques, and methods of calculation employed have been those of Le 
Févre and Le Févre.™!* The solutes were purified by distillation immediately before use. 
Observations are given in Tables 1—3. 


Taste 1. Dielectric constants and densities of benzyl alcohol in carbon tetrachloride at 25°. 
0 627 727 848 1135 1343 «1613 «©1697 82210 62565 2974 
22270 «22628 «62-2686 82-2720 22888 23003 23131 23152 2-3428 2-3642 2-3821 
16845 (6792 16784 156773) 16762 15733 15711 15706 15663 15630 15606 
whence At =~ (6°55 + 0-07)w, — 11-76w,?; Ad = (--0-848 + 0°020)w, + 1-08w,? 


Tasiu 2. Electric double refractions in carbon tetrachloride at 25°. 


Benzy! alcohol 
10°w, , Seok Bag 186 753 765 868 925 1031 
WAR 1 0-008 Ool9s 0-020 0-029 0-031 0-032 
Any dekvees tin Se 0-0006 . - 0-0011 
10°w, sade 16869 2088 2805 5261 6181 15,536 
1IO'AR .., seal 0-038 0-047 0-046 O-O18 ~ 9 2 0-300 
Any oe’ 00017 00034 06-0068 - 


Molar Kerry Constants at Infinite Dilution.-Values of ,(,,4¢,) have been calculated by the 
methods given in refs. 12 and 13. In the estimation of 0(48)/dw, as w, approaches zero we 
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have avoided AB's which are near or over the maxima of the AB—w, relations. 
squares we obtain for 


C,H,yNH,-C,H,, 
C,H,-CH,OH-C,H,, 
C,H yCHyOH-CCl,, 


2777 


Thus by least 


using w,’s up to 0-131, 10’"AB 
0-016, 
0-028, 


1-55w, — 7:10w,* 
2-20w, — 34:2w,* 
3-34w, — 59-6w,? 
It will be noted that the coefficients of w, are not seriously affected by the use of either a 


two-term or a three-term power equation in w,. The continuous curves in Figs. 1 and 2 corre- 
spond to the three-term relations already quoted; they have not been pursued further than the 


” ” ” ” 


TasLe 3. Electric double refractions in benzene at 25°. 


Aniline 

5581 7606 

0-061 0-075 
0-0044 0-0062 


Dimeth ylaniline 

2242 2670 
0-163 0-190 
00015 — 


Diethylaniline 

1769 = 2195 
0-152 0-189 
00007 — 


Benzyl alcohol 
687 730 S45 045 1076 1167 1217 
6-014 0-016 0-013 0-016 0-023 0-022 0-025 
0-0002 — — wm" inn 
1792 2016 3280 3572 4749 7005 8980 11,808 
0-019 0-020 0-014 0-007 —~0-003 0016 —0-046 0-088 
0-0008 — 0-0011 — 0-0018 0-0028 0-0034 00042 


10'w, ... 
10°7AB... 


1044 
0-023 
0-0009 


1905 
0-031 
0-0016 


2871 3936 
0-042 0-048 
0-0031 


13,102 
0-082 
0-0109 


17,548 
0-083 
O-O144 


24,107 
0O-O71 
0-0201 


29,819 
O-054 
O-O241 


42,580 
0-098 
0-0348 


344 
0-014 
0-0003 


664 1220 =—:1614 
0-044 0-074 O-110 
00009 0-O011 0-0015 


324 
0-012 
0-0001 


642 1043 «1399 
0-043 0-082 0-124 
0-0004 0-0005 0-0007 


337 


1606 
0-002 


)-024 


limits mentioned since inclusion of larger w,'s makes imperative the introduction of negative 
fourth terms, containing w,*, whose computation is tedious and unnecessary for present purposes. 
Table 4 contains the data from which are deduced the molar Kerr constants at infinite dilution. 


TABLE 4, Molar Kerr constants at infinile dilution. 
Solvent Y oi) 
CCl ° 0-080 47:7 
0-025 5°36, 
0-055 3°78 
ie ° . 0-059 


Solute 


o(miX,) x 108 
C,H,CH,OH 


37:7 
39-4 
22-4 


CH, 


C,HyNH, 


C,HyNMe, 
C,HyNEt, 


= ” " 0-031 


14-9, 
IT, 


134-2 
190°6 


* From ref.1. ¢ From ref. 2 From ref. 16 


DISCUSSION 


It is evident that, in their unimolecular states, both benzy! alcohol and aniline have 
positive Kerr constants, and accordingly, that the po.in./j. ratios for these substances con- 
form qualitatively to the qualitative generalisation of Le Févre and Le Févre.* Doubt is 
thus thrown on discussions by a number of authors '” '* who have attempted to harmonise 
dielectric data with a negative Kerr constant for aniline. Present results therefore support 
the suggestions made in refs. 1 and 2, viz., that negativity of the Kerr constants of benzyl 
alcohol and aniline is a property of the liquid substances only, and arises from the presence 
of association complexes or cybotactic aggregates whose anisotropic polarisabilities are not 
the same as those of the separated molecules, with which one is dealing at infinite dilution. 


15 International Critical Tables, Vol. VII. 

‘* Barclay, Le Févre, and Smythe, Trans. Faraday Soc., 1951, 47, 357. 
? Higasi, Bull. Inst. Chem. Phys. Res. Tokyo, 1934, 13, 1167 

'® Cowley and Partington, /., 1938, 1598. 
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Le Feévre et al.* have already remarked that association of aniline by hydrogen bonding 
could produce a dimer having some stereo-resemblance to hydrazobenzene (the N-H~-N 
unit being rectilinear), the Kerr effect of which is negative.“ Consistently with this, when 
hydrogen bonding is prevented by alkylation (as in dimethyl- and diethyl-aniline), not only 
iS wlwi,) positive but the positivity—unlike that with aniline—is retained through in- 
creasing concentrations up to the pure solutes, which also display positive ,,K’s. 

Correlations between present results and studies of association based on infrared 
spectra are difficult to make because quantitative absorption data are sparse. 

The positive value of (m,) now obtained for aniline has implications regarding the 
configuration of this base. Rao ™ has recorded a depolarisation factor of 0-061, whence 
8,” = 0-109, (cf. equation 3 of ref. 13). Vogel ** gives Ro, Rp, and Ry from which R, = »P 
follows as 29-1 ¢.c. The sum of the semi-axes of the aniline polarisability ellipsoid is 
therefore 

b, + by + bg = 3-440 x 10% 
and 
(b, — y)® + (by — g)® + (bg — 5,)* = 1-295, x 10 46 


Accordingly 9, is 7°70 » 10°, The total (6, +4- 6,) is 5°33 = 10 * (from the molar Kerr 
constant in Table 4) so that 0, is —2-37 x 10°, If the resultant moment u of aniline acts 
in the plane containing the axes b, and 6, and at an angle ~ with the former, then 


45)27*0, = u*(3 cos* B(b, — by) 4- 2by — b, — bs) 


and four unknowns (4,, b,, 63, and @) are involved. Since from experiment only three 
equations are available the case cannot be analysed quantitatively. Nevertheless it is 
clear that aniline is not the flat Y-shaped molecule forecast by considerations of resonance 
(but cf. refs. 26, 27) because were it $0 romitant WOUld lie along Pmoximum Making 6, positive. 
Maccoll (quoted by Ingold **) has noted “ that it is an assumption, still in need of experi- 
mental confirmation, that the aniline molecule is accurately flat...’’ The value of 
»(wK,) of this amine strengthens the suspicion thus implied and strongly suggests that a 
pyramidal structure for aniline is correct. Relaxation data, reviewed by Davies,™ are in 
accord with the last remark. From dipole-moment measurements alone, Marsden and 
Sutton ™ had concluded in 1936 that preatant in aniline is at 43—44° to the C—-N bond. 

Finally, we mention an obvious fact : that aniline and benzyl alcohol, having negative 
values of »KXiqua, are exceptions to the empirical rule of Le Févre and Le Févre ™ 
whereby Aj, multiplied by e/n* becomes roughly «(m/,). 
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546. Compounds of Silicon. Part I. Silicon Derivatives of 
8-Amino-ay-diphenylcrotononitrile. 


By R. A. Saw. 


Spectroscopic evidence shows that the crystalline dimer of benzyl cyanide 
is #-amino-ay-diphenylcrotononitrile and not the tautomeric ketimine, and 
that the forme; is also the predominant tautomer in solution. From these 
data and further physical and chemical evidence, it appears that in the 
organosilicon compounds, derived by condensing trialkylhalogenosilanes with 
the sodium derivative of the above amino-nitrile, the trialkylsilyl group is 
linked to nitrogen rather than to carbon. 


In pursuance of previous studies on organosilicon compounds derived by substitution at 
reactive C-H bonds,!? attempts were made to prepare benzyl cyanide derivatives. Under 
the experimental conditions employed, however, condensation of the sodium derivative 
of the nitrile with trialkylhalogenosilanes always yielded trialkylsilyl derivatives of the 
dimerised form, f-amino-ay-diphenylerotononitrile (1). 

Before discussing the possible structures of these silanes, some spectroscopic evidence 
on the tautomerism of the parent aminonitrile is presented. This compound was first 
isolated by Atkinson and Thorpe,’ who described it as 2-imino-l-cyano-1 : 3-diphenyl- 
propane (II). More recently, however, the enamine (I) was suggested as the predominant 


(1) CH,Ph-C(NH,):CPh-CN CH,Ph-C(;NH)-CHPh-CN (IT) 


form to account for results of hydrogenation and Raman spectra, as well as for the exaltation 
of the refractive index and dispersion. Spectroscopic measurements confirm this, Whilst 
the ultraviolet absorption of B-oxo-ay-diphenylbutyronitrile (III) in n-hexane (Amex, 258 mp, 
¢ 1850) resembles closely that of benzyl cyanide (Ams, 255 my, ¢ 1450),* the former is pre- 
dominantly enolised in alcohol (Amsax, 271 my, ¢ 15,900).? Because of the isoelectronic 
structure of keto- and ketimino-groups, the spectrum of the ketimine (II) should be very 
similar to that of the keto-form of (III) (ef. fluorenone * and 9-iminofluorene '), 


(II) CH,Ph-CO-CHPh-CN CH,Ph:CO-CHPh'CO-NH, (IV) 


The spectrum of the benzyl cyanide dimer in n-hexane (Ams, 277 my, ¢ 15,800) and in 
alcohol (Amux, 285 my, ¢ 16,000) [the change observed (A) +- 8 mu, Ae — 200) is probably 
a solvation effect rather than a shift of the tautomeric equilibrium] is, however, very 
similar to that of the enolised form of the keto-nitrile (I11), as would be expected from an 
w-aminostyrene derivative, such as (I). Introduction of an amino-group at the terminal 
carbon atom of a conjugated system results in pronounced bathochromic and hyperchromic 
shifts.* 1-Phenylbutadiene ?° has an absorption maximum at 280 mu, which well agrees 
with the figures (277 and 285 my) obtained for the enamine (I). The presence of an amino- 
group is confirmed by the infrared spectra of the solid and its solution in carbon tetra- 
chloride. The ultraviolet spectrum of $-oxo-«y-diphenylbutyramide (IV) (Amax, 258 my, 
¢ 5780), and its colour reaction with ferric chloride,'' show that the amide must contain 
at least some of the enol form in alcoholic solution. Similar results on ketimine-enamine 
and keto-enol tautomerism were obtained by Glickman and Cope,'* who examined ultra- 
violet absorption spectra and exaltation of molecular refraction. 

1 Eaborn and Shaw, /., 1955, 1420. 

* Idem, ibid., p. 3306, 

* Atkinson and Thorpe, /., 1906, 89, 1906. 

* Adkins and Whitman, J. Amer. Chem. Soc., 1942, 64, 150 

* von Auwers and Wunderling, Ber., 1931, 64, 2758 

* Bruylants, Braye, and Schonne, Helv. Chim. Acta, 1962, 86, 1127 


7 Wariyar, personal communication. 

* Friedel and Orchin, ‘' Ultra-violet Spectra of Aromatic Compounds,” J, Wiley & Sons Inc., New 
k, 1951 

* Bowden, Braude, Jones, and Weedon, J., 1946, 45. 

1 Braude, Ann. Reports, 1945, 42, 105. 

't Staudinger, Ber., 1911, 44, 539 

12 Glickman and Cope, J. Amer. Chem. Soc., 1945, @7, 1017 
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As the ultraviolet spectrum of the triethylsilyl derivative of the benzyl! cyanide dimer 
greatly resembles that of its parent compound, substitution at C,,, can be excluded with 
reasonable certainty, leaving the alternative structures (V) and (VI) to be considered. 


(V) CH,Ph-C(NH-SiEt,):CPh-CN CHPh(SiEt,)-C(NH,):CPh-CN (VI) 


Although alkylation of the sodium derivatives of compounds similar to (I) * took place 
first, and in some cases only, at Cy, Hauser and his co-workers ™ carried out N-acylations 
of the magnesium derivatives of the enamine (1) by means of acyl halides. Because of 
the similar behaviour of groups attached to silicon and to carbonyl,“ in many chemical 
reactions, in particular of silicon and acy! halides," the silylamine (V) would be, by analogy, 
the more likely structure. 

Support for the silylamine structure (V) is provided by the infrared spectra of the solid 
and its solution in carbon tetrachloride, which clearly indicate a secondary amino-group. 
Although spectroscopic data on N-H vibrations, where the nitrogen is attached to silicon, 
are scarce, all the available evidence indicates that SiN-H and CN-H vibrations behave 
qualitatively in the same manner, Thus diaminodi-tert,-butoxysilane '* has frequencies 
of 3546, 3390, and 1686 cm.~!, which can be assigned to a primary amino-group,!’ whilst 
hexa-tert.-butoxyeyelotrisilazane 4® (3413 cm.~') and hexamethyldisilazane '* (3380 cm.~') 
exhibit the normal behaviour of secondary amines.47 

Ihe silane {the term being used without prejudice to structures (V) and (VI)}] was 
stable for prolonged periods to cold, aqueous alcohol, and could be recrystallised from the 
boiling solvent. It should be pointed out that any decomposition of the silane in 
reactions involving prolonged heating must be treated with reserve, as it could be due to 
a thermal depolymerisation analogous to that of the enamine (I).*® Boiling alcoholic 
alkali yielded phenylacetic acid. The silane, as well as the enamine (I), dissolved readily 
in cold, concentrated aqueous hydrochloric acid, but both solutions precipitated the keto- 
nitrile (II) almost at once. The absence of silicon in the product is in agreement with the 
Si-N structure (V), but is by itself not a definite proof, as Si-C bonds are in some cases 
readily cleaved in acid solution.2° Dilute alcoholic hydrogen chloride gave the same 
product. The silane, as well as the enamine (1), on prolonged contact with hydrogen 
chloride in ether gave the keto-amide (IV) and ammonium chloride (cf. Robinson and his 
co-workers #1) 

The silane reacted readily with one equivalent of N-bromosuccinimide in boiling carbon 
tetrachloride. Longer refluxing with two equivalents appeared to cause no further 
reaction. This monobromo-derivative, an oil containing silicon, resisted attempts at 
further purification. This substance is unlikely to contain a N-—Br bond, as it reacted 
readily with sodium iodide or silver nitrate to give sodium bromide or silver bromide 
respec tively 

The nevel type of Si-C cleavage reaction recently discovered by Eaborn and Shaw,! 
in which an «-bromoalkylsilane was converted by sodium iodide into a ketone, with loss 
of the silicon residue, was tried on the bromo-derivative. The reaction, although not 
conclusive, certainly produced no evidence in favour of an a-bromoalkylsilane structure 
such as (VIL; Ro Et,Si, R’ = H). The infrared spectrum of the product (S.1, p. 2783) 
showed no carbonyl frequency. 


(VII) CPhRBr-C(NHR):CPh‘CN = (R and R’ = H or SiEt,) 


When the bromo-derivative was chromatographed on alumina an elimination reaction 
took place and only one product (S.2, p. 2783), CggH,,N,, was obtained. «-Bromobenzy] 


'® Reynolds, Humphlett, Swamer, and Hauser, ]. Org. Chem., 1951, 16, 165. 

'! Shaw, Thesis, London, 1955 

'® Hughes, personal communication; Eaborn, personal communication 

* George, Sommer, and Whitmore, /. Amer, Chem. Soc., 1953, 75, 6308 

'y Bellamy, ‘ The Infra-red Spectra of Complex Molecules,’ Methuen and Co, Ltd., London, 1954 
'* Cerato, Lauer, and Beachell, ]. Chem. Phys., 1054, 22, 1. 

'~ Bary, Pull. Soc. chim. belges, 1922, 81, 397 

® Hauser and Hance, J], Amer. Chem. Soc., 1952, 74, 5091. 

*' Richardson, Robinson, and Seijo, J., 1937, 835. 
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cyanide under alkaline conditions yields a érans-stilbene derivative. By analogy the 
y-bromo-nitrile (VII) could yield one of the geometric isomers (or their tautomers) of 2 : 5- 
diamino-1 : 6-dicyano-1 ; 3: 4: 6-tetraphenylhexa-1 : 3 ; 5-triene (see Experimental section). 

The solvent shifts, on passing from -hexane to alcohol, for the enamine (I) (AA 8 mu), 
the alumina reaction product S.2 (44 9 my, for the long-wave maximum), and the silyl 
amine (V) (Ad 2 my) are also consistent with the trialkylsilylamine structure (V), where 
steric, as well as electronic, effects may hinder solvation. 

Just as in the more widely studied alkoxysilanes, where structures resistant to hydrolysis 
were found,™ examples of Si-N bonds stable in aqueous or alcoholic media are known.™ 
In structures of the type R,Si-NHR’, the stability towards solvolysis seems to increase 
considerably with the increasing size of the hydrocarbon residue R’.** [In the silylamine 
(V) R’ = CN-CPhiC(CH,Ph)-.] The influence, on the Si-N linkage, of olefinic unsaturation 
adjacent to the nitrogen atom introduces another factor about the effect of which in sol- 
volytic reactions nothing appears to be known. 

Thus it can be stated that, whilst the trialkylarylsilane structure (VI) cannot be entirely 
dismissed on present evidence, infrared measurements strongly support the silylamine 
structure (V), and nothing in the chemical evidence is incompatible with this. 


EXPERIMENTAL 


Microanalyses were carried out by the Microanalytical Laboratory, Imperial College of 
Science and Technology, London. 

Solvents,-Ether and benzene were dried with sodium wire 

ay-Diphenyl-f-triethylsilylaminocrotononttrile (V).--(a) Sodamide was prepared from sodium 
(8-3 g., 0-36 g.-atom) in liquid ammonia (250 ml.}. Ether (150 ml.) was added whilst the 
ammonia was evaporated under an infrared lamp. The ether suspension was then refluxed 
until free from ammonia and allowed to cool, and a further quantity of ether (100 ml.) was added 
Slow addition (10 min.) of benzyl cyanide (42 g., 0-36 mole) in ether (100 ml.) was accompanied 
by liberation of heat and evolution of ammonia. Hoiling under reflux was continued for a 
further § hr. and then triethylfluorosilane (49 g., 0-365 mole) in ether (50 ml.) was added dropwise 
(20 min.), heat being liberated. (The fluorosilane was prefered to the more reactive chlorosilane, 
as the latter gave, with any residual ammonia, ammonium chloride which was troublesome to 
remove.) Boiling under reflux was continued for a further 44 hr. (The mixture was stirred 
throughout the preparation.) The ether was then replaced by benzene, ‘‘ Hyflo”’ filter aid was 
added, and the mixture was boiled for 4 hr. and then filtered. The residue was twice extracted 
with boiling benzene, the solvent was removed from the combined benzene extracts, and the 
residue was distilled in a vacuum, After a forerun of a mixture of benzyl cyanide and hexa- 
ethyldisiloxane and/or hexaethyldisilazane (8-7 g.), a fraction (42 g.) of b. p. 200-——220°/0-2 mm. 
was obtained, which solidified. This was repeatedly recrystallised from alcohol, to give ay-di- 
phenyl-3-triethylsilylaminocrotononitrile (V) (22 g., 35%), m. p. 91-5° [from aleohol, benzene, 
or light petroleum (b. p, 60--80°)] (Found: C, 76-15; H, 7-65; N, 81%; M, 348 (Rast) 
CaglHi,,N,5i requires C, 75-8; H, 8-05; N, 8-05%,; M, 348). 

(b) Benzyl cyanide (12 g., 0-10 mole) in ether (50 ml.) was added slowly to an ether (100 ml.) 
suspension of finely powdered, commercial sodamide (5 g., 0-13 mole). Heat was liberated, 
ammonia was evolved, and the solution became deep red. It was then boiled under reflux for 
4 hr., then allowed to cool, and triethylfluorosilane (13-5 g¢., 0-10 mole) in ether (50 ml.) was 
added slowly. A gelatinous precipitate was formed and the red colour was discharged. After 
filtration, the residue was washed with ether, the solvent was removed from the combined 
ether-extracts, and the residue was distilled under reduced pressure. The fraction (8 g.) of b. p 
203-——216°/0-2 mm. (which solidified) was recrystallised from alcohol, to give the nitrile (V) 
(5 g., 29%), m. p. 91-5°. This did not deteriorate in 18 months in glass tubes closed by rubber 
bungs, but if the latter were replaced by corks slow decomposition to a yellow oil took place. 


*® Riigheimer, Ber., 1882, 15, 1625; Linstead, /., 1953, 2873; Timmons and Wallwork, Chem. and 
Ind., 1955, 62 

* BP. 670,630/1952; B.P. 716,323/1064 

* Larsson and Bjellerup, /. Amer, Chem. Soc., 1953, 75, 995; Reynolds, Bigelow, and Kraus, tbid_, 
1929, 61, 3070; Schwarz and Weigel, Z. anorg. Chem., 1952, 268, 291; Gilman and Smart, /. Org. Chem, 
1951, 16, 424 

* Larsson and Tansjé, personal communication 
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ay Diphenyl-(-trimethylsilylaminocrotononitrile.-This was prepared by the procedure (6) 
above, from an ether (60 ml.) suspension of sodamide (8 g., 0-20 mole), benzyl cyanide (25 g., 
0-21 mole) in ether (60 ml.), and chlorotrimethylsilane (23 g., 0-21 mole) in ether (60 ml). The 
reaction was more vigorous than with the fluorosilane, and the precipitate was filtered off more 
readily (after being kept overnight). Distillation yielded a fraction (7 g.), b. p. 196—-205°/0-4 
mm., which solidified slowly and on recrystallisation from ether gave wy-diphenyl-f-trimethyl- 
silylaminocrotononitrile (4 g., 13%), m. p. 110° (Found; C, 74-55; H, 7-3; N,9-0. Cy gH, N,Si 
requires C, 74-565; H, 7-2; N, 92%). 

Reactions of the Silane (V).-—(a) Aqueous alcohol at room temperature. The silane (0-12 g.) 
was dissolved in 95%, alcohol (35 ml.) and set aside for 18 hr. Excess of water was then added, 
and the precipitate was filtered off and dried to give the starting material (0-11 g., 92%), m. p 
and mixed m. p. 90-91" 

(b) Boiling aqueous alcohol. ‘The silane (0-11 g.) was refluxed with 95°%, alcohol (25 ml.) and 
recovered as under (a), After 1 hr. the m. p, was 50-——76°; after 4 hr. ether-extraction yielded 
an oil which could not be purified 

(c) Alcoholic alkali, The silane (0-27 g.) was dissolved in alcohol (200 ml.), and potassium 
hydroxide (0-5 g.) in water (1 ml.) added. The solution was set aside for 24 hr., and then excess 
of water was added, Ether-extraction followed by removal of the solvent gave an oil. This 
was treated with the same reagents for 6 hr. at the b. p. The solution was ether-extracted, 
and the aqueous layer acidified and again ether-extracted. The latter extract, after removal 
of solvent, yielded phenylacetic acid (0-14 g., 66%), m. p. and mixed m. p, 73-—75°. 

(d) Concentrated, aqueous hydrochloric acid. The silane (0-23 g.) was finely powdered and 
dissolved in concentrated hydrochloric acid (10 ml.). The initially clear solution soon became 
cloudy and a precipitate was formed. ‘This was filtered off and was dried, to give f-oxo-ay-di- 
phenylbutyronitrile (JI11) (0-15 g., 97%), m. p. 82° (Atkinson and Thorpe* report m. p, 86°) 
(Found : C, 82-0; H, 6-7; N, 60. Calc, for C,gH,,ON : C, 81-7; H, 5-6; N, 56-95%). 

(e) Dilute, alcoholic hydrochloric acid. The silane (0-19 g.\ was dissolved in alcohol (50 m1.), 
and concentrated hydrochloric acid (2 ml.) was added. The solution was set aside for 18 hr. 
and excess of water was then added, Ether-extraction, followed by removal of solvent, gave 
an oil which was taken up in alcohol, Colourless keto-nitrile (111) (0-09 g., 70%) separated, 
having m, p, and mixed m, p, [with the compound from (d)} 81-82”. 

({) Hydrogen chlovide. The silane (0-83 g.) was dissolved in ether (50 ml.), and hydrogen 
chloride passed through the solution for 3 hr., during which the solution became yellow and a 
white precipitate appeared. After 3 days at -5°, during which more solid separated, the ether 
was removed under reduced pressure, and the residue was extracted with hot chloroform and 
was filtered from the ammonium chloride (0-08 g., 62%). The filtrate was evaporated and the 
residue dissolved in @ little benzene, §-Oxo-wy-diphenylbutyramide (IV) (0-45 g., 74%), m. p. 
and mixed m. p, 161--162°, very slowly separated. 

Reaction of wy-Diphenyl-B trimethylsilylaminocrotononitrile with Concentrated Sulphuric 
Acid.—This silane (2:46 g.) was dissolved in concentrated sulphuric acid (10 ml.), cooled by an 
ice-bath, and worked up by the method of Atkinson and Thorpe * to give pale straw-coloured 
crystals of 1 : 3-diamino-2-phenylnaphthalene (1:76 g., 72%), m. p. 112-5—113-0° (Atkinson 
and Thorpe * report m. p. 116°; Lesslie and Turner™ report m. p. 112-5—113-5°) (Found : 
C, 81-4; H, 656; N, 11-7, Cale. for C,,H,,N,: C, 82-05; H, 6-0; N, 120%). This diamine 
was converted into the acetate, m. p, 182*-183°, of the acetyl derivative (Atkinson and Thorpe * 
report m, p. 185”), 

6-Amino-ay-diphenylerotononitrile (1). This was prepared by the method of Hauser and his 
co-workers from benzyl cyanide and had m, p. 114°, The behaviour on storage was the same 
as that of the silane (V). 

Reactions of the Amino-nitrile (1).—(a) Concentrated, aqueous hydrochloric acid, Finely 
powdered nitrile (1) (0-10 g.) was dissolved in concentrated hydrochloric acid (5 ml.) and, by 
the same procedure as for the silane (V), the keto-nitrile (I11) (0-08 g., 80%), m. p. and mixed 
m. p. 81——-82°, was isolated, 

(b) Hydrogen chloride. The nitrile (I) (0-71 g.) was dissolved in ether (50 ml.) and, by the 
same procedure as for the silane (V), ammonium chloride (0-09 g., 56%) and the keto-amide (IV) 
(0-52 g., 69%) of m. p. 161—-162° were isolated (Rising and Swartz ” report m. p. 163-5—164-0°) 
(Found; C, 75:8; H, 61. Calc. forC,,H,,0,N : C, 75-9; H, 60%). 

Reaction of the Silane (V) with Nitromethane.The compound (0-93 g.) was dissolved in 

** Lesslie and Turner, /., 1929, 1516 

Rising and Swartz, /. Amer. Chem. Soc., 1932, §4, 2021 
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nitromethane (25 ml.) and benzene (15 ml.). The solution was set aside for 36 hr, No evolu- 
tion of ammonia could be detected.! Diethylamine (0-2 ml.) was then added and the solution 
boiled * under reflux for } hr. Removal of solvents under reduced pressure gave a solid of m. p. 
73—83°. This was recrystallised from alcohol, to give the starting material (0-68 g., 73%), 
m, p. and mixed m, p. 90-——91°, 

Reaction of the Silane (V) with N-Bromosuccinimide.—(a) With one equivalent. The silane 
(1-51 g., 4°35 mmole) in carbon tetrachloride (10 ml.) was boiled under reflux for 20 min, 
(reaction complete) with N-bromosuccinimide (0-78 g., 4-37 mmole). The cold solution was 
filtered and the residue of succinimide (0-39 g., 90%) was washed with carbon tetrachloride, 
The solvents was removed under reduced pressure from the combined carbon tetrachloride 
extracts, to leave a yellow-brown oil (VII) containing silicon and bromine, which did not 
crystallise at —5° or from benzene, ether, or light petroleum (b. p. 60-—80°). Attempts to 
distil it under reduced pressure resulted in decomposition 

(b) With two equivalents. The silane (1-35 g., 3-9 mmole) in carbon tetrachloride (15 ml.) 
was boiled under reflux for 2 hr. with N-bromosuccinimide (1-43 g., 8-0 mmole). The mixture 
was worked up as under (a) to give a mixture of N-bromosuccinimide, succinimide (1-08 g., #.¢., 
only 1 equivalent had reacted), and a yellow oil (VII), which again could not be purified. 

Reactions of the Bromo-derivative (VII).—(a) Alumina. The derivative (VII), prepared 
as above from the silane (V) (1-51 g., 4:35 mmole), was dissolved in benzene and chromato- 
graphed on alumina with benzene-chloroform (3:1) as eluant. A colourless solid (5.2), 
presumably 2-amino-1 : 6-dicyano-5-imino-1 : 3: 4: 6-tetraphenylhexa-1 : 3-diene (0-52 g., 52%) 
was obtained which on recrystallisation from benzene had m. p. 187° (Found: C, 82-9; H, 5-5; 
N, 12-2. Cy,H Ny requires C, 82-7; H, 5-2; N, 12:1%). 1: 6-Diphenylhexa-1] : 3: 5-triene 
absorbs at 349 my," whilst S.2 has its long-wave maximum in n-hexane and alcohol at 315 and 
324 my respectively. This hypsochromic shift could be caused by crossed conjugation,” by 
steric hindrance to coplanarity, or by tautomerisation of one of the enamino-groups to the 
ketimino-form as suggested above. The infrared spectrum provides some support for the last 
possibility. The information from N~H stretching and deformation modes is indecisive, but 
absorption in the double-bond region is strong and two new bands have appeared there: one 
at 1660 cm. (the band of highest frequency in the double-bond region of the compounds 
examined) might well be due to a carbon—nitrogen double bond.” 

(b) Sodium iodide, The bromo-derivative (VII), prepared from the silane (V) (1:16 g., 3-3 
mmole), was dissolved in acetone (10 ml.), and sodium iodide (0-51 g., 3-4 mmole) in acetone 
(5 ml.) was added. A precipitate appeared immediately and iodine was slowly liberated, After 
} br. in the dark, the sodium bromide (0-16 g., 47°) was filtered off. The filtrate was set 
aside for a further 24 hr. in the dark; no further precipitate appeared, but the iodine colour 
deepened, ‘The solution was poured into excess of water, ether was added, and the two layers 
were decolorised with sodium thiosulphate. The ether layer was separated, the aqueous layer 
was twice extracted with ether, and the combined ether-extracts were dried (Na,SO,). Removal 
of the solvent left a dark oil with a strong, pleasant odour. As all attempts to crystallise this 
failed, it was chromatographed in benzene on alumina. [Benzene eluted a fraction, which on 
recrystallisation from the same soivent gave needles, m,. p. 161:5° (S.1). The quantity was 
insufficient for analysis. Benzene-chloroform (3: 1) eluted oils, whilst with ethyl acetate as 
eluant a small qu.ntity of solid of m. p, 125-——-130° was obtained. The amount was insufficient 
for further purification, 

Ultraviolet Absorption Spectra.—-Solutions in n-hexane (H) or 95%, ethanol (F) were examined 
with a Unicam S.P, 500 Spectrophotometer, (Absolute ethanol = E’.) 


Compound Amar. (Mp) (€ Solvent 
Benzyl Cyanide ....cscccesscceeeeere 255 (1450) 
Enamine (1) 277 (15,800) 
285 (16,000) 
Keto-nitrile (I1T) 253 (1810), 258 (1850) 
271 (15,900) 
Keto-amide (IV) 258 (5800) 
Silylamine (V) 287 (19,300) 
289 (18,500) 
Alumina reaction product (S.2) 232 (37,100), 282 (22,600), 201-5 (23,500), 315 (8900) 
231 (34,700), 253 (18,000), 286-5 (24,600), 293-5 (25,300) 
324 (8970) 


** Leonard, Leubner, and Burk, /. Org. Chem., 1960, 15, 979 
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A solution of S.1 (8-7 x 10% g/l.) in n-hexane had an absorbance of 0-650 at 238 my, and 
of 1-350 at 323-5 muy. 

Infrared Absorption Spectra.—The compounds were studied in potassium chloride discs (K), 
and in two cases also in saturated carbon tetrachloride solution (C), by means of a modified 
Hilger ) 209 double-beam spectrophotometer. A rock-salt prism was used in the 2—15 mu 
region, and some compounds were further examined in the 3 my region with a quartz prism 
(frequencies in parentheses). Estimated accuracy: Quartz prism +5 cm.'; rock-salt prism 
3300 region 4+25cm."; 1600 region +5 cm.". 


Compound Frequencies (cm.~') with assignments Method 
Enamine (1) 3420, 3300, 3215 NH,; 2174 C3N; 1635 NH, K 
$450, 3340, 3220 (3476, 3370, 3236) NH,; 2174 CIN; 1620 NH, Cc 
Silylamine (V) $260 NH; 2174 CIN; 783 Et,Si K 
$320 (3330) NH; 2180 CIN 
Alumina reaction product 3485, 3255 (3420, 3332, 3228) NH,; 2188 CiN; 1660 C:N; 
($.2) 1633 NH, 
Sodium iodide reaction 2212 C3N 
product (S.1) 
The spectrum of S.1, which was much less complex than those of the other compounds 
examined, showed no indication of carbonyl, hydroxyl, or primary or secondary amino-groups. 
The nitrile absorption occurs at higher frequency and is less intense than in the other compounds. 


The author is indebted to Mr. W. Kynaston of the Chemical Research Laboratories, Tedding- 
ton, for infrared spectral data, He is grateful to Dr. C. Eaborn for helpful discussions and to 
Professor W, Wardlaw, C.B.E., D.Sc., for his encouragement. 


Birkpeck Co_Leon, MaLer Street, Lonpon, W.C.1. (Received, December 23rd, 1955.) 


547. Aliphatic Hydroxylamines, Part I1I.* Reaction with Diazotised 
Aromatic Amines. A Novel Synthesis of Acylbenzenes from the 
Corresponding Amine. 

By M. A. THoro_p Rocers. 


The behaviour of NN-dialkylhydroxylamines on autoxidation leads to 
the prediction that they would condense with diazotised aromatic amines, 
but only in strongly alkaline media, In agreement with prediction, the 
products are found to include dialkylamines and alkyl! aryl ketones. In the 
special case of dimethylhydroxylamine, the products include diaryl ketones 
in addition to dimethylarylamines and aromatic aldehydes. 


In Part II,! reasons were given for believing that the autoxidation of NN-diaikylhydroxyl- 
amines proceeds, at least in part, by a one-electron stage, there being formed a radical-ion 
(11) which had enhanced stability (compared with an alkyl radical) in aqueous solution and 
in which the free-radical character was spread over the C-N-O system. It was recognised 
that many oxidations would not stop at the one-electron stage, but would proceed further, 
and by the removal of a second electron would form the nitrone. But, because some 
organic peroxide was formed in the autoxidation process, it was hoped that some other 
system could be found which would oxidise (at least in part) by a single-electron process, 
and so confirm the conclusions reached as a result of the work on autoxidation. It was 
eventually concluded that the reaction between aromatic diazonium compounds and 
NN dialkylhydroxylamines in aqueous sodium hydroxide should fulfil the conditions and 
would be diagnostic of the one-electron process. These conditions were: (1) The reaction 
must be capable of being carried out in aqueous alkali in order to ensure an adequate 
concentration of the ion (R*CH,),NO~. (2) The agent must be only weakly oxidising, or a 
two-electron transfer would be favoured, with consequent formation of nitrone. (3) The 
oxidising agent must itself be reduced to a radical which must not bear a negative charge 


* Part Il, J., 1966, 1093. 
' Johnson, Rogers, and Trappe, /., 1956, 1003 
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(which would hinder approach to, and combination with, the radical anion) and must have 
a life in the medium sufficient to find and combine with a hydroxylamine radical-ion. 
(4) The products of combination of the two radicals in the predicted ways must be capable. 
of recognition and preferably of isolation. 

The oxidising properties of aromatic diazonium salts appear to be of the right order.* 
It might be difficult to say with certainty exactly what species was concerned in a reaction 
of an aromatic diazonium salt under the strongly alkaline conditions required, and indeed 
substitution in the aromatic ring might alter the nature of the reacting species, because 
of the known variations in the rate of formation of diazoates; but, if this point is dis- 
regarded, the process may be considered analogous to the first step in the uncatalysed 
replacement of the diazonium radical by iodine,’ ArN,Cl + HI —» Ar + N, + 1,—> 
Arl, or the reduction of diazonium salts by hypophosphorous acid.4 Even though the 
equation probably does not accurately represent the ary! species, the overall reaction 
predicted is : , 
Ar-N,* + R-CH,-N(O~)-CH,R ——® Ar: + R-CH,-N(O*)-CH,R = (11) 
The radical (II) is now transformed by an intermolecular process (Part II) into the radical 
ion (LI1) which then combines, in one of its three forms (II la—c), with Ar: : 


A . 
R-CH,N(O-)-CHR (IIIa) b> R-CH,N(OH)-CHArR (IV) ——t Ar-COR 
H,0 


- Ae 
R-CHyN(O-)-CHR (1115) ——t RCHy-N(OAr)-CH,R (V) —— [ArOH] 
H,O 


R-CH,-N(O~)-CHR (111) > (R-CH,),N(Ar)-»O (VI) ——t (R-CH,),NAr 


In practice none of the three possible products (1V)—(VI) has been isolated as such, 
but obvious derivatives from two of them have been shown to be formed in substantial 
amounts, alkyl aryl ketones from (IV), and dialkylarylamines from (V1). Phenols would 
be the predicted derivatives from (IIIb), and in the simplest case phenol has been isolated, 
but this is of little diagnostic value. 

Little earlier work on the reaction of arematic diazonium compounds with alkyl- 
hydroxylamines has been reported. Drum, O'Connor, and Reilly ® found that mono-N- 
alkylhydroxylamines condensed under alkaline conditions, to give N-hydroxydiazoamino- 
compounds, Ar-N'N*-NR-OH, which were exactly analogous to diazoamino-compounds 
made from simple secondary amines in that they regenerated their components on 
acidification. Boese, Jones, and Major * attempted the condensation of aromatic diazo- 
nium salts with dimethylhydroxylamine in aqueous acid solution and got only tar; it is 
now easy to see why; concentrated alkali is essential for the formation of the radical ion 
(III), as was deduced from autoxidation experiments (Part II). It has now been found 
that, when a solution of a diazonium salt is run into aqueous dialkylhydroxylamine in the 
presence of excess of sodium hydroxide, condensation is almost instantaneous, as shown by 
the loss of diazo-coupling ability. Later, it was found to be much more convenient to 
mix the diazonium chloride with an aqueous solution of the hydroxylamine hydrochloride, 
under which conditions there is no reaction, and to run the mixture into aqueous sodium 
hydroxide. If the mixture so formed from the condensation of benzenediazonium chloride 
and diethylhydroxylamine was acidified immediately and distilled in steam, the distillate 
contained acetophenone, together with a small amount of acetophenone oxime. 

* Saunders, * The Aromatic Diazo Compounds,"’ Arnold, London, 1949, p. 111. 

* Idem, op. cit., p. 113 

‘ Kornblum, Cooper, and Taylor, J. Amer. Chem. Soc., 1960, 72, 9013 

* Drum, O'Connor, and Reilly, Sct. Proc. Roy. Dublin Soc., 1940, 22, 273; see also Bamberger and 


Renauld, Ber., 1897, 30, 2285 
* Boese, Jones, and Major, J. Amer. Chem. Soc., 1931, 68, 3530 
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Once the oxime hed been established as one of the products of the reaction, formed 
(as far as could be judged) as an intermediate in the formation of ketone, and not as an 
artefact from ketone and hydroxylamine (which could conceivably have been formed in 
some other way), a revision of certain preconceived ideas about the mechanism had to be 
made, It had seemed probable that the monoarylated hydroxylamine (IV) would undergo 
any further oxidation at the carbon bearing the aryl group. This oxidation could be an 
autoxidation 


(LV) ReCHyN(OH)-CHAPR ——t R-CH,’N(OH)-C(O-OH)ArR —— R-CH,-NH-OH + Ar-COR 


(cf. Part Il) or a further oxidation by diazonium salt. It was found that when air was 
blown into the mixture for several hours immediately after the condensation was complete 
and before the acidification the yield of acetophenone was improved. But oxidation on 
the arylated carbon atom alone could not give oxime, and it has been necessary to conclude 
that the second oxidation stage takes place, surprisingly, on the unarylated carbon atom : 


R«CH,-N(OH)-CHAPR —t R°CH(O-OH)-N(OH)-CHArR —t R-CHO + HO-NH-CHArR —m HO-N:CArR 


With this probable mechanism in mind, a reliable method of working up the product 
has been developed (see p. 2788). Table 1 records the yields obtained in this way from a 


ras_e 1. Reaction between diazotised amine R'°C,HyNH, and dialkylhydroxyl- 
amine R,N-OH. 
Yield 
Product B. p. (°/mm.) (%) Derivatives * 
Ph-COMe 200-——~204° 38 D, m, p. 228-—230°. O, m. p. 58 
oC H yCOMe 110-—-117/20 O, m, p, 112-—-113° 
mC Hy COMe H1O-—117/16 O, m, p. 88—89 N, m. p. 
5S, m, p, 232° 
PCC HyCOMe 136-—145/40 S, m. p. 200-—-201° 
p-MeC, H yCOMe 108-——113/20 y O, m. p. 88° 
pMeO’'C,HyCOMe = 145-—150/25 O, m, p , 
o-NOyC,H yCOMe . D, m. p. } 
p-NOyC,HgCOMe 2°! 
Ph-COERt 90-—101/16 af S, m. p 
pClc,H yCORt 137—144/31 2 5S, m. p 
p-MeC, HyCORt 117—-119/18 35> O, m., p 
pNOgC Hy COEt 
pcre HyCOPr 136-—-138/22/ 26: N, m. p 
2; 4-dinitrophenylhydrazone; O = oxime; N « p-nitraphenylhydrazone; S = semi- 
carbazone 
* Isolated as the derivative. * Found: N, 20-0, C,H ,,O,N, requires N, 20-3%. °¢ Isolated as 
solid, m, p, 77-78 “ In this early experiment the diazonium salt solution was run into a mixture 
of the hydroxylamine and aqueous alkali, * Isolated as the solid, m. p. 88-—89°. / M. p. 35—36° 


variety of aromatic diazonium salts condensed with diethyl-, dipropyl-, and dibutyl- 
hydroxylamine. The method is inferior to that described by Beech,’ though it might find 
application in favourable cases, ¢.g., for the preparation of aryl ethyl ketones. It is 
considerably less efficient than Beech’'s for the preparation of aldehydes for several reasons, 
one of which throws further light on the mechanism of the reaction. 

A postulated intermediate in the formation of alkyl aryl ketone is a monoarylated 
hydroxylamine. There seems no particular reason why this hydroxylamine should not 
react a second time, and on the same carbon atom, to give a diarylated hydroxylamine. 
When dicthylhydroxylamine is used, the product would not be oxidised and hydrolysed 
to aromatic carbonyl compounds, and in fact no evidence of diarylation has been found. 
jut when dimethylhydroxylamine is used, mono-, di-, and tri-arylation should be possible, 
and the diarylated product should be oxidised to a diaryl ketone (through its oxime). 
his has been found, and nearly 10% of 4: 4’-dichlorobenzophenone was isolated (Table 2). 
This suggests that the low yields of carbonyl compounds in general are in part at least the 
result of polyarylation. It is not obvious why autoxidation occurs at the unarylated 


' Beech, J]., 1954, 1207 
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TABLE 2. Reaction between diazotised amine R’C,HyNH, and Me,N-OH. 
Molar ratio Aldehyde, Deriv. of Ketone, Deriv. of 
R°-C,HyNH, : Me,N-OH and yield aldehyde * and yield ketone * 
l Ph-CHO, b. p. D, m. p. 227— Ph,CO, 24% 


175-178", 11% 228 as deriv. 
2 Not isolated Ph,CO, 47% D, m. p, 234— 
236° 


2 o-ChC HyCHO, D, m. p. 206 (o-ChC,H,),CO D, m. p. 200 
b. p 96° /19 mm » 208° as deriv 202° 
8-5%, (trace only) 

m-ChC HyCHO, 5S, m. p, 229 (m-ClC,H,),CO, D, m. p, 236 
b. p. 206—208°, 29° 238 
14", “0 79 

p-ClC,HyCHO, 5S, m. p. 235 Not isolated 
b. p. 110--113°/ = 236°; O, m. p 
22 mm., m. p 108—109 
47—48", 35%, 
Not isolated (p-ChC,H,),CO, 
m. p. 144 
145°, 85% 
o-NOyC,HyCHO, None 
42—43°, 
* See Table | 


carbon while arylation, also by a free-radical mechanism, is at the arylated chain. The 
probable explanation is that both processes are operative in both cases, but manifest 
themselves oppositely. The diaryl ketones are not easily isolated, and true yields may 
be higher. 

The isolation of diaryl ketones also shows that the mechanism of the reaction differs 
from that described by Beech: he was unable to effect condensation with aromatic 
aldoximes. Further, Beech carried out his reaction near neutrality, where hydroxylamines 
do not condense, It is likely that the alkaline conditions have a deleterious effect on the 
aldehyde (and oxime) formed in the hydroxylamine reaction, and the neutral conditions 
are a further point in favour of Beech’s process in this case. 

Arylation on the nitrogen atom has been studied in less detail as the yields are low and 
the method held out no promise of being preparatively useful. But in two examples dialkyl- 
arylamines, or derivatives from them, were isolated by a modification of the procedure 
described. 

After the preliminary publication * of this novel reaction, Brown and Grundy * examined 
the reaction of diazotised 4-aminodiphenyl and diethylhydroxylamine and obtained, not 
4-acetyldiphenyl, but the corresponding aldehyde. A mechanism was put forward to 
explain this surprising result, for which no analogy has been found in the present work and 
which is not easy to accept. It is not clear why 4-aminodipheny! should be unique, nor 
does the proposed mechanism require the concentrated alkali which appears to be essential 
for reaction. No attempt has been made to repeat this example, but one experiment was 
made with 4-aminodiphenyl and dipropylhydroxylamine. By the mechanism proposed 
by Brown and Grundy, the product should have been 4-acetyldiphenyl; unfortunately, 
no carbonyl compound was isolated, so the problem remains open. 

NN-Dibenzylhydroxylamine ! should react with diazonium compounds in the same 
way as do the purely aliphatic hydroxylamines, to give mixed diaryl ketones, Unfortun- 
ately, this attractive possibility is prevented by the very low solubility of dibenzyl- 
hydroxylamine and its salts. Attempts have been made to cause diazonium salts to react 
with dispersions of the hydroxylamine, but the rate of decomposition of the diazonium 
salt far exceeded that of condensation, if any. 


EXPERIMENTA! 
Geneval Method for the Preparation of Acylbenzenes.-The preparations were carried out on 
0-25-molar scale. The amine was diazotised by use of the minimum of acid. Hydroxylamine 


* Rogers, Chem. and Ind., 1953, 1033 
* Brown and Grundy, ibid., 1954, 460 
° Behrend and Leuchs, Annalen, 1890, 267, 216 
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hydrochloride (0-275 mole) was added, and the mixture run in with vigorous stirring, during 
15-20 min., to 2n-sodium hydroxide (500 c.c.), at <10° (cooling). To the mixture was added 
a solution of hydrated copper sulphate (1 g.) in water (100 c.c.) and, still with stirring, air was 
blown through for several hours until the mixture no longer reduced triphenyltetrazolium 
chloride" The solution, neutralised with concentrated hydrochloric acid and treated with 
ferric alum’ (350 g.}, was heated under reflux for 5—6 hr., acidified, and distilled in steam. 
The acylbenzene, containing some hydrocarbon derived from the amine, and some azo-compound, 
was isolated from the distillate with ether. All preparations were coloured yellow to orange- 
brown by azo-compound unless the ketone was purified, after the distillation in steam, through 
the Girard complex, The recorded b. p.s show the limits of the temperature range; the bulk 
of the material collected boiled over a shorter range. 

However, crude o-nitroacetophenone was converted directly into its 2: 4-dinitrophenyl- 
hydrazone, and crude p-nitroaceto- and propio-phenone were purified through the Girard P 
complex, 

The condensations with dimethylhydroxylamine were carried out with either a 1:1 or a 
2:1 ratio of diazo-compound to hydroxylamine, the latter being intended to favour 
benzophenone formation (cf. Table 2, in which yields are based on the aromatic amine), In 
the latter case a positive diazo-reaction usually persisted for several hours. A rough separation 
of aldehyde and ketone could be effected in some cases by virtue of the much lower steam- 
volatility of the ketone, Alternatively, the aldehyde was isolated through its bisulphite 
compound, Dimethylhydroxylamine cannot conveniently be stored except ai the oxalate; 
the required amount, in water, was treated with 1 mol, of hydrochloric acid, and the oxalic 
acid removed by filtration. This solution was used for admixture with the diazonium salt. 

4: 4’-Dichloroazobenzene from the Products of Condensation of p-Chlorobenzenediazonium 
Chlovide and Dipropylhydroxylamine.—The diazonium salt (0-5 mole) was run into a mixture 
of the hydroxylamine and aqueous sodium hydroxide in the presence of copper sulphate (50 c.c. 
of a 5%, solution of hydrate), From the residue of the distillation of the p-chloroacetophenone, 
by extraction of the rather tarry solid with hot methanol, the orange azo-compound was 
obtained, having m. p. and mixed m, p. 180--181° (from light petroleum). In no experiment 
was diphenyl or a substituted dipheny! isolated. 

Acetophenone Oxime and Phenol from Bensenediazonium Chloride and Diethylhydroxylamine.— 
Condensation was carried out under the standard conditions, followed by autoxidation with 
copper as catalyst for 2hr. The mixture was adjusted to neutrality by 2n-hydrochloric acid and 
steam-distilled (500 c.c.), During much of this the distillate, which was alkaline to Brilliant- 
yellow paper, did not reduce triphenyltetrazolium chloride, but did when acidified and warmed. 
The total distillate was extracted with ether, and the extract was dried (K,CO,, then NaOH 
pellets). A bulky precipitate of platelets began to separate as soon as the latter was added. 
The mixture was kept for 24 hr with occasional shaking and the hygroscopic precipitate collected 
by decantation from residual sodium hydroxide, and dissolved in a little water. The clear 
solution was extracted with ether, and the combined extracts washed with 0-5x-sodium 
hydroxide, dried, and concentrated to give acetophenone oxime (1-0 g.), m. p. and mixed m. p. 
58-60° (from light petroleum). No attempt was made to make the isolation quantitative. 
The aqueous sodium hydroxide layer was neutralised and phenol isolated as its tribromo- 
derivative, m. p, 90-—-91°, 

Benzophenone Oxime from Benzenediazonium Chloride and Dimethylhydroxylamine,—To 
dimethylhydroxylamine oxalate (38 g., 0-25 mole) in 8n-sodium hydroxide (500 c.c.) was added 
hydrated copper sulphate (2-5 g.) in a little water, and the mixture was cooled below 15° with 
stirring. Henzenediazonium chloride (from aniline, 46-6 g., 0-5 mole) was run in, during about 
4 hr., and air was blown through the mixture for a further 2 hr. The solution was acidified 
with concentrated hydrochloric acid and extracted with ether; the extract was dried and the 
solvent evaporated. The residual brown oil was lixiviated with hot light petroleum (b. p. 
40—-60°), and the extract boiled with charcoal, filtered, and evaporated, to give a mixture of 
oil and solid, The solid was washed carefully with ice-cold cyclohexane and left benzophenone 
oxime, needles, m. p. and mixed m. p. 187-—139° (1-2 g.), autoxidised characteristically in air 
to nitric acid and benzophenone, 

Diethylaniline and Acetophenone Oxime from Benzenediazonium Chloride and Diethylhydroxyl- 
amine.-The diazo-compound (0:25 mole) was run into a mixture of diethylhydroxylamine 
(0-26 mole) and 2n-sodium hydroxide (500 c.c.) at <18°. The solution was acidified and distilled 
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in steam and the combined residues from four such experiments were made alkaline and distilled 
in steam, The ether-extract of the distillate left on evaporation an oil (28-7 g.); this was 
fractionated (8 x 4’ packed column) at 16 mm. to give i) diethylaniline, b. p. 90-6—108° 
(4-9 g.), identified as its picrate (m. p. and mixed m. p.), and (ii) acetophenone oxime, b. p. 
108—109° (6-9 g.) 

p-Chlorobenzaldehyde, 4: 4’-Dichlorobenzophenone, and p-Chlovo-NN-dimethylaniline from 
p-Chlorobenzenediazonium Chloride and Dimethylhydroxylamine.—Diazotised p-chloroaniline (0-1 
mole) soluticn was run into a mixture of dimethylhydroxylamine (0-2 mole) and n-sodium 
hydroxide (50 c.c.), further sodium hydroxide being added to keep the solution alkaline. 
Acidification (concentrated hydrochloric acid) and distillation in steam gave p-chlorobenzalde- 
hyde; and from the dark solid in the aqueous residue 4: 4’-dichlorobenzophenone, m, p, 143——- 
144°, was isolated by crystallisation from alcohol. The aqueous layer was then made strongly 
alkaline and again distilled in steam. The ether-extract of the distillate was dried (K,CO,) and 
concentrated, leaving a brown oil (1-33 g.) which yielded the 1: 3: 5-trinitrobenzene complex, 
m,. p. and mixed m. p. 120—121°, of p-chloro-NN-dimethylaniline, 


The author thanks Mr, J. Timperley for his technical assistance. 
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548. The Rates of Solvolysis of Certain Arylmethyl Chlorides, and 
a Simple Molecular-orbital Treatment of This and Similar Reactions. 


By M. J. S. Dewar and R. J. Sampson. 


The rates of solvolysis in moist formic acid of a number of arylmethyl 
chlorides have been measured at 25°, The rates are satisfactorily interpreted 
in terms of a molecular-orbital treatment, despite several simplifying 
assumptions, 

The experimental rates run closely paralle] to those recently reported by 
Fierens, Hannaert, Van Rysselberge, and Martin ' * for the solvolyses in the 
ternary mixture water—formic acid—dioxan. 

A similar molecular-orbital treatment accounts satisfactorily for the Sy2 
exchange rates of the same compounds reported by Fierens et al. 

We have found the reactions in formic acid to be reversible. As well as 
the first-order rate constants for the forward reactions, the second-order rate 
constants for the reverse reactions and the corresponding equilibrium 
constants are reported. 


ProGress in theoretical organic chemistry is hampered by the lack of data on reactions 
which can be interpreted quantitatively in terms of current theories. The requirements 
are that the reaction should have a transition state of clearly defined structure, and that 
the relative energies of the reactants and of the transition states should be easily calculable. 
It seemed to us that the solvolysis of arylmethy! chlorides, Ar-CH,Cl, might meet these 
requirements sufficiently. In the first place the solvolysis of such a chloride in a strongly 
ionizing solvent is likely to be a “ limiting " process,’ and the transition state an ion-pair 
ArCH,*Cl- without significant covalent bonding between the ions, having the organic 
fragment Ar-CH,* in a definite and known configuration. The relative energy difference 
between Ar-CH,Cl and Ar-CH,* will depend upon the r-energy difference between Ar and 
Ar-CH,* ; since these are both alternant hydrocarbons the x-energy difference may be 
calculated very simply, in terms of a single parameter, by using perturbation theory. 
Accordingly we have studied the solvolyses of a number of compounds of this type and 
have compared experimental rates with those predicted. 

* This work was described at the XIVth International Congress of Pure and Applied Chemistry at 


Zurich in July, 1955. We are grateful te Dr. P. H. Gore for drawing our attention to it, and to Professor 
R. H. Martin for sending us a manuscript copy of the paper before its publication. 


1 Fierens, Hannaert, Van Ryeseiberge, and Martin, Helv. Chim. Acta, 1966, 38, 2009. 
* Winstein, Grunwald, and Jones, J. Amer. Chem. Soc., 1951, 78, 2700. 
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The Nature of the Reaction.—-It being assumed that the solvolysis of arylmethyl chlorides 
in moist formic acid is a limiting or pure Sy] process, the rate-determining step is the 
heterolytic fission : 

ArCH,C!l —» ArCH,* + Cl + pie a oe 
The carbonium ion so formed may then suffer any one of a number of fates: 


Pee ee ee ee ce oe 


Solvent 
‘ 


ArCH,’ 4+ H,O —» ArCH,-OH,* === Ar-CH,OH + *H(solvent) . (3) 
2 2 git, 2 


HCO uf H,0 ¢ 
“HO Hoon: + + «+ «+ (8a) 


YY OH Solvent 
ArCH,' + H-COJH—» H-C6 | wee HCO,CH,Ar + *H(solvent) (4) 
. . O-CH,Ar oa 


Solvent 
ArCH,* + Ar'H === Ar-CH,Ar’ -+- *H(solvent) . (5) 


where Ar’H is any of the aromatic compounds present. 

At room temperature and at the concentrations used, the reactions (5) appeared to be 
much slower than the initial heterolysis, no turbidity being visible until 15—-20 half-lives 
for reaction (1) had passed. Hence the course of the initial heterolysis could be followed 
without interference from this source. 

If the possibility oftthe formation of the formate, reaction (4) or (3a), is ignored there 
should exist an equilibrium between arylmethyl chloride and arylmethanol, with an 
equilibrium constant K given by : 


K = [ArCH,Cl)[H,0}/[ArCHyOHJHCl] . . . . . 6) 


For the more reactive compounds this equilibrium appeared to be reached whether the 
alcohol and gaseous hydrogen chloride, or the arylmethyl chloride, was dissolved in the 
formic acid. K was approximately constant even when the magnitude of the water 
concentration was increased three-fold. It thus appears that the reactions producing 
formate are relatively slow, or that the alcohol-formate equilibrium strongly favours the 
alcohol 

Only the initial reaction rates of the less reactive compounds were measured, but there 
is no reason to suppose that their reactions and equilibria differ in type from those of 
the more reactive compounds, Accordingly, for simplicity, all the reactions studied may 
be represented in the following way : 


hy H,O 
ArCH,Cl = Cl- + ArCH,' === ArCH,OH,* . . . (7) 


All the kinetic measurements fitted in well with this reaction scheme. 


EXPERIMENTAL 


For chromatography, Peter Spence alumina (type ‘ H'’) was used. Microanalyses were 
carried out by the Organic Microanalytical Laboratory, Imperial College of Science and 
rechnology, London, $,W.7, 

Solvents,’ AnalaR "’ 98-—-100%, formic acid was used, The water content was determined 
from the magnitude of the electrical conductance, A calibration curve was constructed by 
measuring the resistances of samples of formic acid to which weighed proportions of water had 
been added. The original low water content of the acid used in the calibration was determined 
by the Karl Fischer method, | ml, of the acid being diluted before titration with 5 ml, of methy! 
alcohol whose small water content was determined separately. 

Starting Materials.—1-Naphthylmethanol. Lithium aluminium hydride (2-5 g.) was stirred 
with anhydrous ether (300 ml.) for 15 min., and then methyl l-naphthoate (21 g.), suspended in 
anhydrous ether, was slowly added, Stirring was continued for another 15 min, and the excess 
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of hydride decomposed by moist ether. The solid alkoxides were decomposed by 5n-hydro- 
chloric acid (100 ml.). The ether layer was washed with more hydrochloric acid, and then with 
water. Evaporation under reduced pressure left an almost quantitative yield of nearly pure 
l-naphthylmethanol, which recrystallized from benzene and light petroleum (b. p, 40-—60°) in 
needles, m. p. 60-5—61° (lit., 59-5—60°) (Found: C, 83:3; H, 65. Cale. for C,,H,O: C, 
83-5; H, 64%). 

The other alcohols described in this paper were prepared from the corresponding esters in 
the same way. In each case reduction was smooth, and the yield almost quantitative, 

1-Chloromethylnaphthalene. The alcohol was converted into chloride by Gilman's method.* 
Recrystallization from light petroleum (b. p. 40-—-60°) gave prisms, m, p, 33° (lit., 32°, 34°) 
(Found ; C, 74-6; H, 5-4; Cl, 19-8. Cale. forC,,H,Cl: C, 74-8; H, 5&1; Cl, 20-1%). 

2-Naphthylmethanol. The material obtained by reduction of methyl 2-naphthoate recrystal- 
lized from light petroleum (60—80°) in plates, m. p. 82° (lit., 80-—80-5°) (Found: C, 83-4; H, 
6-5%). It gave the chloride by Campbell's method ; * recrystallized from light petroleum (b. p. 
40-—-60°) this gave plates, m. p. 47-5---48-5° (lit., 47°, 48°) (Found; C, 74-6; H, 5-2; Cl, 20-0%), 

1-Phenanthrylmethanol. The oxime of 1-benzoylphenanthrene (14 g.) was subjected to the 
Beckmann rearrangement with phosphorus pentachloride.*. The resultant mixture of 1-phen- 
anthranilide and 1-benzamidophenanthrene was refluxed for 4 hr, with ethylene glycol (140 g.) 
and potassium hydroxide (35 g.). After cooling, the mixture was stirred into a large quantity 
of water, and the aqueous solution extracted with carbon tetrachloride, The aqueous layer was 
heated to boiling and acidified with 2n-hydrochloric acid. The precipitated 1-phenanthroic 
acid was filtered off and dried (yield, 6-6 g., 60%, based on crude oxime), 

It recrystallized from acetic acid as needles, m. p. 232—-235° (lit., 232-—233°), Esterific- 
ation by the Fischer-Speier method gave methyl l-phenanthroate (excellent yield), which 
recrystallized from methanol in needles, m. p. 56:5-—-57° (lit., 57°). This was reduced in the 
same way as methyl l-naphthoate, giving 1-phenanthrylmethanol which recrystallized from 
benzene in needles, m. p. 165° (lit., 165°) (Found; C, 86-7; H, 5-9, Cale. for Cy,H,,O: C, 
86-5; H, 58%). 

1-Chloromethylphenanthrene, 1-Phenanthrylmethanol (1 g.) was treated in hot benzene 
(50 ml.) with thionyl chloride (1-6 ml.) dropwise and refluxed for 2 hr. The recovered product 
was passed in anhydrous carbon tetrachloride through alumina (2 x 2cm.), The solvent was 
distilled off and 1-chloromethylphenanthrene was obtained as plates, m. p, 90-5—91° (lit., 80 
90°), from absolute alcohol (Found: C, 79-3; H, 5-1; Cl, 15-3. Cale. for C,,H,,Cl: C, 70-6; 
H, 4-9; Cl, 156%). 

2-Phenanthrylmethanol, 2-Phenanthroic acid,* needles (from acetic acid), m. p. 259-—262° 
(lit., 258--260°), gave the methyl ester, needles (from methanol), m, p, 97° (lit., 9696-5"), and 
thence 2-phenanthrylmethanol, needles [from benzene and light petroleum (b. p, 80-—100°)), 
m. p. 125-—-125-5° (lit., 125—125-5°) (Found: C, 86-7; H, 59%), and 2-chloromethylphen- 
anthrene, plates {from anhydrous benzene and light petroleum (b. p. 60--80°)), m. p. 9808-5" 
(lit.,7 m. p. 98°) (Found: C, 79-6; H, 5-2; Cl, 15-6%). 

3-Chloromethylphenanthrene. 3-Phenanthrylmethanol (7 g.) in benzene (50 ml.) with thionyl 
chloride (10 ml.), as above, gave 3-chloromethylphenanthrene, which distilled (yield, 2-5 g.; 
b. p. 185-—-195°/0-5 mm.) with considerable polymerization. Recrystallization from benzene 
light petroleum (b. p. 60-—80°) gave needles, m. p. 87:5° (Fierens ef al.’ record m. p. 81-—-82*) 
(Found; C, 79-5; H, 5-0; Cl, 158%). 

9-Phenanthrylmethanol, Phenanthrene was brominated * and then converted into 9-phen 
anthryl cyanide;* this (20 g.) and potassium hydroxide (5 g.), in hot ethanol (300 ml.), were 
treated with hydrogen peroxide (100-vol., 30 ml.). Most of the solvent was removed, yielding 
9-phenanthramide. Kecrystallization from ethanol gave needles, m. p. 222--224° (lit., 226°) 
(Found: C, 81-4; H, 5-0; N, 63. Cale. for C,,H,,ON: C, 81-4; H, 50; N, 63%). The 
crude amide was refluxed with ethylene glycol (200 ml.) containing potassium hydroxide (50 g.) 
for 3 hr. After cooling, the mixture was added to water (2 1.) and filtered, The filtrate was 
treated with excess of 5n-hydrochloric acid, and the precipitated 9-phenanthroic acid filtered off 

* Gilman, ]. Amer. Chem, Soc., 1929, 61, 3475 

* Campbell, /., 1940, 820 

§ (a) Bachmann, /. Amer. Chem 
2097 

* (a) Mosettig and Van de Kamp, ibid., 1930, 62, 3704; (4) 1933, 55, 2006 

? Fierens, Martin, and Van Rysselberge, Helv. Chim. Acta, 1955, 38, 2005 

* May and Mosettig, /. Org. Chem., 1946, 11, 15. 

* Mosettig, /. Amer. Chem. Soc., 1932, 64, 3328 


Soc., 1935, 67, 555; (b) Bachmann and Boatner, tbid., 1936, 68, 


2792 Dewar and Sampson: The Rates of 


and dried. RKeerystallization from acetic acid gave needles, m. p. 249-—-253° (lit., 250-—252°). 
Methyl! 9-phenanthroate and 9-phenanthrylmethanol (Found: C, 86-3; H, 6-0%), prepared as 
above, and 9-chloromethylphenanthrene, prepared as described by Badger ” or Campbell (as 
for 2-chloromethylnaphthalene) (Found: C, 79-6; H, 5-1; Cl, 16-6%), had the properties 
previously reported, 

Kinetics.—The reactions were followed conductometrically. The cell was of conventional 
design with bright platinum electrodes, The bridge was that described by Archer and Hudson," 
modified by the inclusion of a 100-ohm resistor which, when desired, could be switched in 
instead of one of the 1000-ohm ratio arms, thus enabling resistances up to ten times that of the 
fourth arm to be measured. The oscillator and headphone detector were those described by 
Archer and Hudson," the first being adjusted to produce a sinusoidal signal of 2 v r.m.s. at 
1000 cycles/sec. All measurements were made at 25-0°. An oil-thermostat maintaining a 
temperature constant within < + 0-01° was used, 

In a run a portion of the material was weighed into a 25 ml. graduated flask, which was then 
filled up to the mark with the solvent and shaken to achieve dissolution, Concentrations of 
about 4 « 10-m were generally used, but insolubility of certain of the compounds, ¢.g., 2-chloro- 
methylphenanthrene, necessitated the use of concentrations down to 10m, The cell was 
filled with the solution and put into the thermostat. The first resistance measurement was not 
made until at least 20 min. after the cell was immersed (in static experiments it was found that 
the resistance became constant after about 15 minutes’ immersion). 

Calibration curves for the conductance of hydrogen chloride in the solvents used were made 
by bubbling dry hydrogen chloride into the solvent until the chloride concentration was about 
0-05, as determined by the Volhard procedure, These solutions were then diluted 1; 10 with 
the solvent. By mixing suitable volumes of this solution and the solvent, solutions were 
prepared whose resistances enabled a calibration curve relating conductance and concentration 
of hydrogen chloride (from 0 to 5 x 10°m) to be constructed. 

The reactions of the more reactive compounds (Ar = 1-naphthyl, 1- and 9-phenanthryl) were 
followed to equilibrium. The forward rate constants, k,, were calculated by the use of the 
integrated form of the equation for a reaction which is of the first order forwards and of the 
second backwards : 


So ax, + *(4 — *,) 
ht (3, x) m Pro i eee or ae 


where a initial concentration of ArCH,Cl, * = concentration of HCl at time 4, and #, = 
concentration of HCI at infinite time 

The values of k, were found from the initial rates of removal of hydrogen chloride. 

A check on k, was made by using the data from the runs starting with ArCH,OH + HCl. 
In these the concentration of acid removed in reaching equilibrium was small compared with 
that initially present (about 56 x 10°¢m), Hence the process 


. 
ArCHyOH + HCl—* ArCH,Cl+H,O. . .. . . 


in any given run was of zero order in acid, giving the appearance of an equilibrium between two 
first-order processes. For such a system the approach to equilibrium is itself of the first order, 
of rate constant k, where : 


Bw Be + Agi) in, eos en ee, 
hk was found by the usual first-order law ; 
Re rR Perse sg lk lt lt lw et Oe Eee 


where a = concentration of acid removed in attaining equilibrium, and x = thatattime?. Since 
h and hk, (calculated from the initial rate of removal of acid) were both known, k, could be 
obtained from eqn. (10). The method gave results in satisfactory agreement with those 
described above. 

For the faster-reacting compounds the equilibrium constants, K, were calculated from the 
concentrations at equilibrium of the various species. 


” Badger, /., 1949, 169 
"! Archer and Hudson, J., 1950, 3259 
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The rate constants h, (or k,) for the less reactive substances were obtained from the initial 
rates of formation (or removal) of acid. For these compounds the equilibrium constants K 
were obtained from the expression : 

Tanne SY eee ee Se 


This method was used also for the more reactive compounds, serving as a check on that described 
above. There was reasonable agreement between the results obtained by the two methods, 


THEORETICAL CALCULATION OF THE KELATIVE IONISATION RATES 


The energy difference AE* between AreCH,Cl and Ar-CH,* + Cl in solution may be 
regarded as the sum of three contributions; A£,, due to the breaking of the C-Cl bond; A£,, 
due to the change in n-energy when the extracyclic carbon atom comes into conjugation with 
Ar; and AEF,, due to the difference in solvation energy. We may therefore write ; 


es SE eS See | 


The problem is to determine the variation of Al, with Ar. We have used the following applic 
ation of perturbation theory to a simplified molecular-orbital method, ‘The method is deseribed 
with reference to a particular example. Consider the m-energy changes (o-energy changes do 
not concern us) in the following processes : 


CH, Z 


: + 
@ AE, + &y 
eee ool 
I 


&*. 


a CH, :CH, 


In principle, we may write : 
| a? a ee ere ee | 


Ethylene and benzene are two alternant hydrocarbons, Dewar has applied perturbation theory 
to the calculation of the change in r-energy, when two even alternant hydrocarbons, R’ and S’, 
are united." There is found to be no first-order perturbation to the original m-energy, and the 
second-order preturbation is small and approximately constant, irrespective of R’ and S’, 


Thus: 
BY! = Buy HOM B. 1 1 ew ew el we 


where £., .thylone) 18 the m-energy of ethylene, b may be regarded as a small constant, and B is 
another constant. 

On uniting two odd alternant-hydrocarbon ions, K and S, containing between them two 
electrons + the n-energy change™ is approximately 2z,,),,6,,, where 6,, is the resonance 
integral between the two junction atoms, r and s, a, is the coefficient of the non- 
bonding molecular orbital in R at atom ¢, and b,, is the coefficient of the non-bonding molecular 
orbital in S at atoms. Hence: 

z” 2a.,b,.8,, oe hs eet ey 
In simple molecular-orbital theory the resonance integrals between adjacent carbon atoms are 
all taken to have the same value, 6, so eqn. (16) reduces to : 

i” 2a_,b,.6 r> soto Jeera 


t All odd alternant hydrocarbons contain a non-bonding molecular orbital. It follows that two 
odd alternant hydrocarbon ions of Mf (orgs sign possess the same energy as the two corresponding 
alternant hydrocarbon radicals, for in both cases the two most loosely bound electrons have zero energy 


Dewar, J., 1952, 3532 
13 Idem, |. Amer. Chem. Soc., 1952, 74, 3341. 
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Longuet-Higgins has shown how the coefficients of the non-bonding molecular orbital of an 
odd alternant hydrocarbon may be very simply calculated.“ 

The methyl system is the simplest alternant hydrocarbon, and its non-bonding molecular 
orbital coefficient is, of course, unity. So eqn, (17) becomes : 


E.”’ ee ee 


Combining eqns, (13), (14), (15), and (18) we have: 


AE* = AE, + B +- 2a, + AE (19) 


hy 
This result may be applied to the calculation of the rate of the process AreCH,Cl ——» 
ArCli,' Cl’, if we assume that the transition state is the ion-pair with negligible covalent 
bonding between the fragments, Transition-state theory leads to 
log k, AE*/2-38RT + AS*/23  . 
where AS* is the entropy of activation, Combining eqns, (19) and (20) gives : 


log hy (AE, + B + 2a, + AE,)/23RT + AS*/23 . . . (21) 


To a first approximation it is reasonable to assume that AE,, AE 
Ar, and so at temperature T eqn. (21) reduces to : 


and AS* are independent of 


ru 


log kh, 8, gt a a | 
where D is a constant. 
If the theory is a sufficiently good approximation there should thus exist a linear relation 
between the values of log k, and 2a,, for various arylmethy! residues. 


DISCUSSION 


kxamination of Fig. 1 shows that for those compounds with the side-chain in a 
benzene ''-type position there is a linear relation between log &, and 2a,,, in agreement 
with the theoretical treatment given above. The theory also accounts for the rates of the 
 I-naphthalene '’-type compounds, for which another line, parallel to the first, may be 
drawn. The rates for the “ l-naphthalene "’-type compounds are retarded in comparison 
with those for the “ benzene '’ compounds, 

lhe slope of the lines is 23R7/6, from which the value 30 kcal. may be deduced for @. 
rhis is not of unreasonable magnitude for it has been shown theoretically '® that the 
absolute value (1.¢., the value in the absence of changes in bond lengths) is about 30 kcal 
and values obtained thermochemically are about 20 keal., the difference being mainly due 
to compression in the e-bonds on aromatisation. Also plotted in Fig. | are the values of 
log k, at 25° obtained by Fierens, Hannaert, Van Rysselberge, and Martin * for the 
olvolysis in the ternary mixture water-formic acid-dioxan. Again the rates fall into two 
classes, as noted by those authors when they compared them with certain other theoretical 
function They suggested that the retarding effect observed in the “ Il-naphthalene ’ 

eries has a steric origin. Any difference in the configuratio «° the transition states for 
the two classes, so that one class became less suited for the , ntial conjugation, would 
result in an apparent change in 8, which in turn would alter the slope of the plot of log &, 
against 2a,,. However the lines are parallel, and so the retardation is probably due to an 
increase in o-bond energy in the transition state of the “ l-naphthalene ’’ class. Molecular 
models show there to be no steric restraint in the molecule Ar-CH,Cl, or in the ion Ar-CH,", 
if Ar is of the “ benzene " class; but if ArCH,* is of the ‘ l-naphthalene ”’ class all the 
atoms cannot become coplanar without interference between one of the side-chain hydrogen 
and the peri-hydrogen atom. It seems likely that the retardation is due to strain-energy 


t These are compounds with a hydrogen atom peri to the side-chain 


4 Longuet-Higgins, ]. Chem, Phys., 1950, 18, 275. 
‘ Lennard-Jones, Proc, Roy. Soc., 1937, A, 158, 280 
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resulting from this interference. For the solvolysis in moist formic acid the vertical 
distance between the lines is 0-078, and so the strain-energy is approximately 2 kcal. 


Fic. 2. The Relation between the logarithim of the 
Sw2 exchange rates and the value of 2a. 


© ¥ ee 


/50r 


Fic. 1. The relation between the logarithms of the 
solvolysis rates and the value of 2a,,. 


Valve of 2a 
Value of 2a,, 
S 
Ss 


> 
N 
Ss 


4 a a! | Ee 
O02 06 410 +4 18 22 26 30 34 


~@+ log, &,) 


@ Solvolysis in moist formic acid (solvent ITT). 

© Solvolysis in water-formic acid-dioxan (sol- 
vent I) (ref. 1). 

Ar: 1, Ph; 2, 2-phenanthryl; 3, 2-naphthyl; 54 
4, 3-phenanthryl; 5, Il-phenanthryl; 6, 1- 
naphthyl; 7, 9-phenanthryl. 


7, as for Fig. 1; 8, 4-phenanthyrl; 9, 
3-pyrenyl; 10, 1: 2-benz-10-anthryl; 11, 9- 
anthryl 


For the solvolysis in the water-formic acid—dioxan mixture the value obtained for @ is 
20 keal., and the strain-energy of the ion is about 1-5 kcal. 
In the Table both our results and those of Fierens et al. are collected. The value of the 


Rates * and equilibrium constants at 25°. 


10°, 10%, 10°h, 10°, K K 10°, t h,t 10°, f 
Solvent Solvent Solvent Solvent Solvent Solvent Solvent Solvent Sy2 
Ill IV Iil IV It IV II exchange 
0-029 4 - “§ 
2-Phenanthryl] 1- 
2-Naphthyl ... 


l- 
l- 
Leu 


! 
3-Phenanthryl 1 
4-Phenanthryl 1 
1-Phenanthryl 1+ 
1-Naphthyl ... 1 
9-Phenanthryl 1: 
&-Pyrenyl au AA 
1 ; 2-Benz-10 
anthryl ... 1-12 - - . : 45x 10% 27 
9-Anthryl ... 1-07 . - -: - 69x 1l0* 38 


* First-order rate constants k, are expressed in sec.“ ; second-order rate constants h, are expressed 
in mole |, sec.-'. Rate constants are considered to be accurate to + 5%,, and equilibrium constants 
to +10% 

Solvent III: Moist formic acid (0-38m-water) 
Solvent IV: Moist formic acid (1-2m-water) 
Solvent I: Water, 61%; formic acid, 54:1%; dioxan, 398%. 
Solvent Il: Water, 5-8%,; formic acid, 34-0%; dioxan, 60-2%, 
The rate-constants h, for Sy2 exchange refer to substitution by iodide ion in anhydrous acetone 

* This value is taken from Evans and Hamann (Trans. Faraday Soc., 1051, 47, 25). It refers 
to solvent “‘ almost absolute formic acid ” (m. p. 8-2”) 

+ These rate constants are from Fierens et al 
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equilibrium constant K is seen to vary but little with water concentration, and its constancy 
for all the compounds suggests that there is no additional strain effect in the molecule 
ArCH,Cl when a peri-hydrogen atom is present. 

In Fig. 2 the values of log k, obtained by Fierens, Hannaert, Van Rysselberge, and 
Martin * for the Sy2 exchange of Ar-CH,Cl with iodide ion in anhydrous acetone are plotted 
against 24,,.. The points all fall close to a line without differentiation between “ benzene,”’ 
“ |-naphthalene,”’ or ‘ 9-anthracene ” positions, although 4-chloromethylphenanthrene 
is anomalous. Fierens, Hannaert, Van Rysselberge, and Martin! have discussed this 
anomaly in steric terms. In the most likely transition state for Sy2 exchange the carbon 
atom of the side-chain is only partly conjugated with Ar, for the groups I and Cl 
are covalently attached to it. The value $ = 5 kcal. obtained from the slope of the line 
is in full agreement with this idea. Since in the most probable transition state for this 
reaction the extracyclic carbon atom is in only slight conjugation with Ar there will be 
much less shortening of the Ar-C bond than in the ion Ar-CH,", and so the steric strain met 
with in the latter will not be important here. This accounts for the single line of Fig. 2. 

rhe uniformity of mechanism throughout the series of compounds studied in the Sy2 
exchange reaction is confirmed by the linear relation between 2a, and log k,. Any change 
in mechanism would presumably lead to the potential conjugative ability’s being used to a 
varied extent, and thus to a curve rather than a straight line. Uniformity of mechanism 
for the solvolysis reaction in moist formic acid and in the water-formic acid—dioxan 
mixture seems probable for the same reason. 

The changes in the value obtained for 6 for these substitutions in varied environments 
are of great interest. For some time it has been appreciated that, although for the most 
part nucleophilic substitution reactions fall clearly into two kinetic classes (Syl and S¥x2), 
there is no clear mechanistic classification.*4® Gleave, Hughes, and Ingold !* have said 
that the pure Syl and Sy2 mechanisms are “ extremes of a graded range,” and “ there 
must be degrees of collaboration by the reagent.’ The more nearly complete the formation 
of an ion of the type Ar-CH,’, the greater will be the conjugation of the portion Ar with 
the extracyclic carbon atom, and the greater will be the value obtained for 8. By carrying 
out the series of reactions in a number of different environments the nucleophilicity of those 
environments may be correlated with the value of 6; the greater 6, the lower is the 
rue leophilicity, 

In slightly moist formic acid it appears that the mechanism approaches closely to 
limiting,” for the rates when the water concentration is 1-2m show an almost negligible 
increase over those when it is 0-38m, and so the value of @ is the same in both cases. How- 
ever in the solvent used by Fierens, Hannaert, Van Rysselberge, and Martin ' (water 6%, 
formic acid 54%, and dioxan 40%) the value of 6 falls from 30 to 20 kcal., showing some 
measure of participation by water in the transition state. When the substitution is 
carried out in anhydrous acetone with iodide ion, @ falls to 5 keal., indicating strong 
participation by the nucleophilic reagent. 

A further example of a diagnostic use of the value for # has recently arisen in connection 
with the electrophilic substitution of aromatic hydrocarbons. For such reactions 
Wheland '? postulated a transition state in which the carbon atom undergoing substitution 
adopts an sf* tetrahedral configuration, being thereby removed from conjugation with the 
rest of the aromatic ring system, which bears the positive charge. Bavin, Warford, and 
Mole in this Laboratory find that the relative rates of nitration can be correlated with a 
simple molecular-orbital treatment of the Wheland postulate, provided that 6 is assigned 
the value of about 6 keal. The most reasonable interpretation of this value for @ is that 
the carbon atom undergoing substitution is only partly removed from conjugation in the 
transition state. 

It seems that @ is most usefully regarded as a parameter whose value for a given reaction 
may permit deduction of information about the transition state of that reaction. 

The Significance of Experimental Activation Energies.—We have shown that if the 
entropy of activation is regarded as constant, a remarkable correlation between theory and 


'* Gleave, Hughes, and Ingold, /., 1935, 236 
'? Wheland, /, Amer, Chem. Soc., 1942, 64, 900 
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rate exists in some substitution reactions. Fierens, Hannaert, Van Rysselberge, and 
Martin ' have however determined the entropies of activation for the solvolysis of AreCH,C! 
in water-dioxan-—formic acid and they are far from constant, there being no obvious correl- 
ation between the experimental and calculated activation-energy differences. Similar 
cases occur in the literature. 

Some time ago Evans and Polanyi ' gave reasons for believing that it would be more 
correct to correlate calculated activation energies with observed rates of reaction rather 
than with observed activation energies. The following argument shows in a simple manner 
how such a situation could arise for reactions in solution. Consider a reaction in solution 
which can take place by any of a continuously variable set of paths, and plot the entropy of 
activation (AS) for each possible path against the corresponding free-energy of activation 
(AG). The main factor influencing the entropy of activation will be the solvation of the 
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free energy of activation (ac) 


Entropy of activation (45 ) 


reactants and transition state. Any increase in solvation in passing from the reactants to 
the transition state will decrease the entropy of activation and will also decrease the heat 
of activation. The former effect will decrease the free energy of activation, and the latter 
effect will increase it. Consequently the effects will tend to compensate each other, and 
the free energy of activation may be relatively insensitive to the reaction path (a in Fig. 3) 
The path actually followed will be that which minimises the free energy of activation 
(A in Fig. 3). Consider now the corresponding reaction of a related compound (point B 
on curve bin Fig. 3). The actual difference in free energy of activation is (AG), and that 
deduced on the assumption of a constant entropy of activation (¢.g., both reactions 
constrained to the path which is actually taken by A) is 8(AG). Since the curves are flat, 
the calculated value of the free energy of activation approximates closely to the actual 
value; in other words, the neglect of entropy effects will be satisfactory so long as predicted 
activation energies are compared with observed rates of reaction rather than with observed 
activation energies. 


We are very grateful to Professor R. H. Martin for letting us have before publication a 
manuscript copy of the paper to which we have referred, and to Dr. R. F. Hudson of this 
Department for the loan of the conductivity apparatus 
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549. The lonisation Functions of Cyanoacetic Acid in Relation to 
the Structure of Water and the Hydration of Ions and Molecules. 


By F. S. Featres and D, J. G. Ives. 


Dissociation contants of cyanoacetic acid in aqueous solution have been 
measured at 5° intervals between 5° and 45°, with an accuracy in In K of the 
order of 0-005%. Fifteen interpolation equations have been tested by 

tatistical methods, and three of these have been found to be capable of 
expressing the dependence of In K upon temperature within experimental error. 
l hese three equations, and graphical interpolation, show that the heat-capacity 
loss accompanying the ionisation of cyanoacetic acid passes through a 
minimum at 20--30°, This is very likely to be due to the effects of tem- 
perature upon the structure of water, the hydration of molecules, and the 
hydration of ions, Present knowledge of these topics is reviewed, The 
trength of cyanoacetic acid is shown to depend on an entropy effect, as 
well as on the normally accepted influence of a polar substituent. The 
results are discussed in relation to recent data on the halogenoacetic acids. 


luv heat-capacity change accompanying the ionisation of a weak electrolyte in aqueous 
olution (AC,, cal. mole! deg.-') is potentially of great value in relation to the study of 
the ionisation process. Its experimental determination is, however, so difficult that there 
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is at present only agreement about its magnitude in a number of cases, but no inform 
ation on its variation with temperature. The present work was undertaken in order to 
supply such information in one favourable case. 

[he potentialities of the conductance method for evaluating the thermodynamic 
functions of ionisation have recently been demonstrated ! for aqueous solutions of mono- 
halogenoacetic acids, but these substances are not suitable for very accurate measurements 
over the wide temperature range essential to obtain significant information about AC,. 
We chose cyanoacetic acid as solute since it is stable in aqueous solution and is of suitable 
‘trength to give optimum accuracy. The methods employed, except for certain refine 
ments described in the Experimental section, were as used in the earlier investigation 
rhree samples of cyanoacetic acid were used to prepare fourteen solutions, the conductances 
of which were measured at nine temperatures over the range 5—45°. Dissociation 


1 


' Ives and Pryor, J., 1955, 2104. 
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constants were evaluated by extrapolation* as before. The application of this method is 
illustrated in Fig. 1, for one temperature (5°). It can be seen that the relation 


y =A, —*/K Pe > We See 
where y =A + aC2* and xs = A x 10°°*4°"" (A, — aC”), 


where a4 and A are the Onsager and Debye~Hiickel coefficients and C and C, are the 

concentrations (moles/l.) of total and ionised solute, does not deviate from strict linearity. 

This procedure should be more accurate than the usual one involving sodium salt solutions, 

which in any case is not applicable here because of the possibility of amic acid formation. 
The results are given in Tabl/: 1. 


TABLE 1. Egquivalext conductances of cyanoacetic acid solutions. 
10*C 
(moles /l. at 25°) 47-7082 33-0766 23-3394 19-0834 166513 12-8736 12-4358 
Temp. 

6 159-71 176-15 191-66 200-45 20577 215-61 217-86 

10 176-51 194-68 211-91 221-66 227-43 238-36 240-84 

Mf 192-76 212-78 231-70 242-06 249-00 260-83 263-49 

20 208-61 230-40 250-97 262-28 269-89 282-77 285-77 

2h 223-76 247°35 269-55 281-93 290-15 304-05 307°39 

30 238°29 263-53 287:56 300-75 3009-64 324-72 328-43 

3b 251-04 278-91 304-55 318-74 328-24 344-54 348-50 

40 264-86 293-53 320-81 335-03 346-09 363-62 367-82 

45 276-79 307-14 336-07 352-16 362-08 381-67 385-61 

Lord 

(moles/l. at 25°) 17-3034 6-178 59368 6 3°7920 32012 
Temp 
5° < 239-59 y be 245-23 250-68 253-65 
10 256 259- 265-02 266-02 272°8s 277°18 280-49 
15 284-1! 290-08 291-21 298: 303-71 307-24 
20 304-78 308-35 314-81 316: 324°3+ 320-91 335-64 
25 328-09 331- 339-27 S404: 349° 35547 359-60 
30 350-80 f 362-65 364-15 q 380-53 386-02 
35 372-65 377-13 385-49 397-02 404-08 410-05 
40 393-81 398-60 407-62 409-43 21-23 428-72 435-30 
45 414-06 419-24 428-88 431-10 443-41 451-66 458-61 


Values of dissociation constants and of equivalent conductances at zero concentration, 
with their probable errors, are collected in Table 2. The probable errors were obtained 
by an application of Bessel’s relation to equation (1) which involved a shift of the origin 
to the “‘ centre of gravity ” of the x, y points. 


TABLE 2. 
Temp 5° 10° 15° 20° 25° 
10°K 359-20 4+. 0-06 357-45 +. 0-07 352-03 4+. 0-07 346-04 +. 0-06 338°76 4. 0-09 
275-87 + 0-04 305°32 -+- 0-05 33477 +. 0-06 364-06 + 0-04 393-23 + 0-06 
Temp paneer 30° 35° 40° 45° 
108K 320-78 4+-0-06 319524006 308514006 2096-40 4+ 0-06 
421-97 + 0-04 50-21 + 0-04 47810 + 0-04 505-48 + 0-04 


Many interpolation equations have been proposed to express the variation of acid 
strength with temperature, the simplest and most striking being Harned and Embree’s 


parabolic relation : * 
In K = In Kuz, — 50 x 105 —O)f?. . . . . « (2) 


where 6 is the temperature at which the dissociation constant attains its maximum value, 
Kwmax, For a wide variety of weak acids, the plot of In (K/Kmox,) against (¢ — 6) is so nearly 


* Ives, J., 1933, 731 
* Harned and Embree, J. Amer. Chem. Soc., 1934, 56, 1060. 
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a single parabola as to leave no doubt that this relation is an excellent approximation. 
The more generalised parabolic law 


oT fg 0 ee ere cr | ln 


was found by Ives and Pryor ! to fit their results within experimental error. This equation, 
however, requires AC, to vary as a function of temperature according to the expression : 


AC» =2RT+6cT? . ....... 


In contrast, it has been asserted that all the available data can* be equally well 
expressed by formulations based upon the supposition that AC, does not vary with 
temperature; these all reduce to the basic form : 


Serie) 6 an 


Harned and Robinson ® concluded that no definite statement could be made about the 
variation of AC, with temperature, as has been re-affirmed.® 

lor the present investigation it was of the utmost importance to avoid injecting any 
predetermined form into the relationship between AC, and temperature by use of an over- 
simplified or unsuitable interpolation equation. No a priori means of choosing between 
the more likely forms was available, so a wide range of equations was tested on an equal 
basis, each one being independently fitted to the experimental results by the method of 
least squares. All the equations concerned are assembled in Table 3. 


TABLE 3. 


; + cT* 

t } c7* 4+ dT* 

} + cT* 4+ dT* + eT* 

+ bT + cT* 4+ aT*® + eT* 4- fT* 

| "+ eT in 7 

f + ¢T In T 4+ dT? 

' 4+ ¢T In T 4+ dT* + eT* 
/T +6 + eT 
 +b6+4c¢T 4+ dT? 
[T 4+ 6/TinT 4-¢/Tln*T +d 
In Kas + 0°05 « 10-* (¢ — 0) 

a+ bT +cTinT + dT* + e7* 

a #@bT 4+ cTinT 4+ dT? 

a+b6T +eTinT 

a+bl } cT* + dT* 4- eT* 4. fT* 


Since AG : RT |n K, equations 8a—-9 are equivalent to 
+ Cln T 4+ DT + ET 
+ Clan 7 4+ DI 9, 10 
+ Cln7 4, 11, 12, 13 
+ CT + DT* + ET*® + FT* 


All the other equations are simple extensions of those for which references are quoted. 

The labour of fitting each equation independently to the experimental results was 
eased by the use of matrix and determinant algebra; ™ for the six-term equations it was 
necessary to redefine the temperature scale in terms of ¢ = (7 — 298-16)/5. In all cases 
observed and caleulated values of In K were compared by tabulating residuals and applying 
statistical tests for randomness where necessary. 


* Everett and Wynne-Jones, Trans. Faraday Soc., 1939, 35, 1380. 
Harned and Robinson, thid., 1940, 36, 973. 
* Harned and Owen, “ Electrolytic Solutions,”’ Reinhold, New York, 1950, p. 510, 
’ Harned and Done, J. Amer, Chem. Soc., 1941, 68, 2579. 
* Jenkins, Trans. Faraday Soc., 1945, 41, 138 
* Harned and Ehlers, ]. Amer. Chem. Soc., 1933, 55, 652 
‘© Harned and Hamer, thid., 1933, 66, 2104. 
') Lewis and Randall, “ Thermodynamics,"” McGraw-Hill, New York, 1923, p. 104. 
'* Pitzer, |, Amer. Chem. Soc., 1937, 69, 2365. 
'® Briegleb and Bieber, Z. Elektrochem., 1951, 66, 250 
'* Aitken, ‘' Determinants and Matrices,”’ Oliver, Edinburgh, 1954 
'® Bond, “' Probability and Random Errors,"’ Arnold, London, 1935, p. 103. 
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Only equations 30, 3c, and 9 were found to be capable of expressing the observed values 
of In K as a function of temperature with fully random deviations not exceeding those to 
be expected from the standard error in the dissociation-constant determinations. Some 
examples are quoted in Table 4, in terms of residuals, 10° (In Kore — In Keae,), Or in the 
case of equation 9, AGote, — AGoate,. 


TABLE 4. 
Equation 

nent, 3a 3b : y 
—34 — 6 + 0°20 
+61 + 9 + If . +0°06 
—15 —4i f — +O-12 
+34 +42 232 > & 0-39 
~ 716 —33 3: }-§ - +0-08 
— 9 + 56 +. § } - — 0-06 
+ 9 —19 f }- 252 - +021 
+67 +16 — —O-12 
— 38 —- 8 f 0-08 


Tem p. 


Mean deviation +38 $+ 28 + 22 {3 +O-15 
by _— 0-0049 0-0039 — 0-0045 


The standard error in the dissociation constants, arrived at by means of Bessel’s 
equation and assuming x to be free from error [cf. eqn. (1)}, is consistent with a mean 
deviation of +-0-00021 in In K, or 0-005%. It is clear from the examples given that these 
calculations unambiguously select equations 3), 3c, and 9 as capable of expressing, without 
distortion, the experimental accuracy of the measurements. These equations are expressed 
in Table 5, which shows, in order, the coefficients of ¢° to 4°. 


TABLE 5. 
10% 10%c 104d 10%e 10*f 
+ 2-52289 + 2°14013 0-75968 + 1-393 
+ 2-53440 + 2-14013 1-045 + 1-393 1°37 
+ 7127-70 -+- 1496-25 +-55-653 + 818-28 — 892-09 


The three equations were used to calculate AH, the enthalpy change of ionisation, and 
the results are shown in Table 6, together with the mean values obtained from independent, 
very large-scale, graphical evaluations. 


TABLE 6. Enthalpy changes, AH (cal. mole). 


Temp. ...... 5° 10° 15° 20° 25° 30° 35° 40° 45° 
Equation 3b 278 —2816 5054 —1059 —s9l- 1072 —1257 —1462 ~—1700 
3c =— 44-1 2781) «=—501-2 =~ 706-8 1072-1253 —1458 —1720 
eg -242 —2873 -—5150 —~103-7 - 1074 1260 —1472 — 1696 
Graphical ... — —286-7 —490-9 —703-7 —883- 1079 —1252 —1470 


” 


It will be seen that the four solutions for AH/ are in reasonable agreement. Gibbs free 
energy changes, mean enthalpy changes, and entropy changes are collected in Table 7, 
together with over-all assessments of probable errors. 


TABLE 7. 

Temp 5° 10° 15° 20° 26° 
AG (cal. mole) 3110-37 3169-02 3232-24 3298-29 3368-68 
AH (cal. mole) 283 502 705 SHH 
AS (cal. deg.~? mole) ’ . ‘Ig 12-06 13-66 — 14-28 
Temp. x 35° 40° 45° 

AG (cal. mole) ‘ 3596-36 3679-10 +O-14 
AH (cal. mole) -- bf 1465 1705 5 
AS (cal. deg? mole) - , BAS 16-16 16-92 + 0-02 


ASH and AS are plotted as functions of temperature in Fig. 2, in which it can be seen 
that both curves are sigmoid, and that, with a larger scatter of points, or a narrower tem- 
perature range, these plots might easily have been mistaken for straight lines. This 
implies that —AC, passes through a minimum with rising temperature, which is a result 
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of such interest as to merit the closest examination. For this reason independent calcul- 
ations have been made based upon the four independent sets of AH values. The results 
are assembled in Table 8 and shown graphically in Fig. 3, where the curve passes through 
the mean values. 
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TABLE 8. Values of —AC, (cal. deg. mole) 


Temp ‘ f 10 15 
Equation 3/ me ‘ 42-0 38°3 

Be oe 46-1 43-0 
i) Sei eieal ' 46-2 39-0 
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Although the uncertainty in AC, is not much less than 2 cal. deg.-! mole", it is evident 
that the conclusion that — AC, in this case passes through a minimum between 20° and 30° 
is valid and can hardly be ascribed to experimental error, nor to the use of an arbitrary 
interpolation formula. The assumption of a constant AC, of about —40 cal. deg.~! mole! 
would allow us to interpret the dependence of K upon temperature within an accuracy of 
about 0-5%, which is not much less than the experimental accuracy of data hitherto 
available. It is interesting that a re-examination of Harned and Robinson's tests ® of 
five interpolation equations by means of the results for formic acid of Harned and Embree !* 
shows that in every case there is a sigmoid distribution of residuals about 35°. Any 
suggestion that the dependence of AC, upon temperature which has been found for cyano- 
acetic acid is general must be made with caution. It is, however, a result of considerable 
interest, with implications that are followed in the Discussion. 

Comparisons of the new data for cyanoacetic acid with resuits previously recorded are 
confined to 25° and are shown in Table 9. 


TABLE 9. 
K 10 


Ostwald (Z. phys. Chem., 1889, 3, 170) * 373 
Whiteman and Jones (Amer. Chem. f. 1911, 46, 56) .... 363 
Kendall (/., 1912, 101, 1275), recale. by MacInnes (/ . 349 
Saxton and Darken (ibid., 1940, 62, 847) 336 
Ives and Sames (/., 1943, 513) seenee : b42 
Present investigation wepetss 338°8 


The new values are to be preferred, since the acid used was of considerably higher m. p. 
than any previously recorded and technique has been improved in severa] ways compared 
with that of earlier work. 


DISCUSSION 


The change in any extensive thermodynamic property which accompanies the ionisation 
of a weak electrolyte is properly regarded as the difference between the values of the 
property for one mole of completely ionised solute and for one mole of non-ionised solute 
in their respective standard states. In both cases, these standard states are hypothetical 
ideal solutions of unit concentration at the fixed temperature concerned, Ideality, 
however, is defined in the sense of Henry’s law, and postulates that solute-solute inter 
actions are absent. The properties of the initial and final states are therefore determined 
not only by the properties of the ions and molecules, but also by the properties of the 
solvent and by solute-solvent interactions. lIonisation may be viewed as occurring in 
steps, involving the destruction of molecule-solvent interactions, the ionisation of the 
solute in the gaseous state, and the generation of a different set of interactions between the 
ions and the solvent. All the interactions depend fundamentally upon the properties of 
the solvent and must vary with temperature in a manner defined by the variation of these 
properties themselves with temperature. For water as solvent, the problem becomes 
especially complex. The new results emphasise this complexity, and can be discussed at 
present only in qualitative terms after a basis for discussion has been laid down by 
assembling evidence upon the structure of water, and upon the interactions of molecular 
and ionic solutes with water, under appropriate headings. 

(a) The Properties and Structure of Water.—-Bernal and Fowler's *’ theory of the quasi- 
crystalline structure of water encountered difficulties. One of these arose from later X-ray 
scattering experiments '* which showed the “ second shell peak "’ to be so diffuse as to 
suggest a very restricted continuity of order. The conclusion that a given water molecule 
is, at a given instant, bonded only to two or three neighbours, supported by Raman 
spectrum evidence,'® suggested that any degree of “ crystalline '’ order must be vanishingly 


'*€ Harned and Embree, /. Amer. Chem. Soc., 1934, §6, 1042 

‘7 Bernal and Fowler, /. Chem, Phys., 1933, 1, 515 

'* Morgan and Warren, ibid., 1938, 6, 670; Katzofi, ibid, 1034, 2, 841 
‘* Cross, Burnham, and Leighton, J, Amer. Chem. Soc., 1937, 59, 1134 
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small. This opened the way for a revival of the old idea of the presence of definite poly- 
meric entities in liquid water *° by Eucken,?' who, by invoking ‘ octomers” involving 
considerable “ hohlraum,” was able to elaborate and apply his theory to a remarkable 
extent. In spite of attempts to reconcile the two theories,™ the radical difference 
remains that in one of them the order which is postulated is essentially co-operative, and 
in the other it is not. There is evidence that discrete molecular aggregates have no real 
existence in liquid water *.*6 and it may be assumed *’ that the polymers of Eucken’s 
semi-empirical treatment have only the status of convenient computational parameters. 

The fact that liquid water has an open structure in which the molecules are held apart, 
rather than packed together, by intermolecular attractions makes it easy to believe that 
a high degree of co-operative order is involved in its structure. That this is in fact so has 
been confirmed in Pople’s modification of Bernal and Fowler's theory,** which disposes 
of the difficulties previously mentioned. The new theory is based upon the indications of 
molecular-orbital treatment that the outer electrons in the water molecule occupy four 
tetrahedrally directed orbitals, two of which are associated with O-H bonds, and the other 
two with lone pairs of electrons. Each molecule then tends to form four hydrogen bonds 
(better regarded as “ lone-pair attractions’) in tetrahedral directions, very much as 
proposed earlier.17” The important innovation consists in the establishment of the fact 
that the bending of hydrogen bonds without breaking, provides a means for the extensive 
absorption of energy and entropy. The force constant for bending was evaluated from the 
same radial distribution function, from X-ray scattering, that had previously been a 
source of difficulty. These calculations lead to the view that water differs from ice mainly 
because the hydrogen bonds are able to bend independently rather than co-operatively, 
and dispose of the necessity for over-extensive bond-breaking to explain the high heat 
capacity of water. A mandate is given ® for considering that, in water, there is “ a net- 
work of bonds extending throughout the whole liquid, which is, in a sense, one large 
molecule,”’ The full success of Pople’s theory is realised in its application by Harris and 
Alder *' to a remarkably accurate calculation of the dielectric constant of water from 
0” to 83° 

Any characteristic changes in the structure and properties of water over the temperature 
range within which the minimum in — AC, for the ionisation of cyanoacetic acid has been 
observed would be of great significance. The view that liquid water is quasi-crystalline 
implies that one or more ‘ quasi-Curie points '’ may be looked for, giving rise to directly 
observable, or second- and third-order, changes of properties over a range of temperatures.** 
There is considerable evidence that such a change does occur in liquid water between 30° 
and 40°: the list of properties revealing this, assembled and discussed by Magat,* can be 
considerably extended from the literature. Such evidence, however, is inconclusive and 
may be misinterpreted. Thus the minimum in the isothermal compressibility of water ™ 
at about 35° is due simply to the opposed temperature coefficients of structural and mole- 
cular compressibilities.45 The internal latent heat of evaporation and the volume coefficient 
of internal energy show no sign whatever of second- or third-order changes both being 
perfectly smooth functions of temperature over the whole range. Since neither of these 
quantities need be directly affected by changes of structure, these facts do not exclude 


Sutherland, Phil, Mag., 1900, §0, 460 

Eucken, Z. Elehktrochem., 1948, 52, 255 

Idem, Z. phys. Chem., 1950, 195, 1 

Figen and Wicke, Z. Elehtrochem., 1951, 65, 354. 

Cierer and Wirtz, Z. Naturforsch., 1950, $a, 577. 

Wang, /. Amer. Chem. Soc., 1951, 78, 4181 
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’ Wang, /. Phys. Chem., 1954, §8, 686. 
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Verwey, Kec. Trav, chim., 1941, @0, 887 
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Harris and Alder, J], Chem, Phys., 1963, 21, 1031. 
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the possibility of such changes but indicate that, if they occur, they are unaccompanied 
by a parallel loss of cohesion. 

Two features in the behaviour of liquid water provide unequivocal evidence for the 
occurrence of a structural “ melting ’’ between 30° and 40°. The very accurate measure- 
ments of heat capacity at constant pressure by Ginnings and Furakawa ® confirm that 
there is a well-marked minimum near 35°. Although the effect is small compared with the 
total heat capacity (<1%), it suggests the onset of a new mode of order-depleting heat 
absorption at this temperature. The effects of high pressures on the viscosity of water *7 
provide more compelling evidence. The viscosity~pressure isotherm for liquid water at 
0° shows a marked minimum at above 108 kg. cm.-*, which is well-known as evidence for 
the existence of expanded ice-like structures, the effect being consistent with the destruction 
of these structures on compression. In isotherms for successively higher temperatures 
the minimum becomes shallower and has vanished at 30°, where, however, there are still 
signs of a corresponding curvature, showing that a remnant of a viscosity-reducing pressure 
effect remains. It may be safely concluded that at some slightly higher temperature the 
structure-breaking effect of pressure vanishes. It is also of interest that the conductance 
of dilute solutions of strong electrolytes increases with rising pressure and that the pressure 


" 1 On ’ , 
coefficient of conductance ( ‘5p shows a maximum rate of decline with temperature at 
Le 


about 35°.%* 

We suggest that the balance of evidence favours the existence in liquid water of a 
high degree of quasi-crystalline, co-operative structure, which is, however, vulnerable to 
increasing thermal agitation and suffers at least a partial collapse between 30° and 40° by 
an order-—disorder transition which does not involve «xtensive breaking of hydrogen bonds. 
This statement, which can be reasonably adopted as a hypothesis, receives no direct 
confirmation from the temperature-dependence of the dielectric constant of water, which 
is perfectly smooth. The very high dielectric constant, however, is a function of a “ correl- 
ation parameter,”’ g, which is unity in cases where no short-range association occurs, #.¢., 
when the interaction between a dipolar molecule and its surroundings is just that which 
would exist if the surroundings were replaced by any material of the same macroscopic 
dielectric constant.** For water, g is 2-60 at 0°, falling smoothly to 2-46 at 83°. These 
values, calculated by Harris and Alder*® on the basis of the tetrahedral unit of 
water structure, are not as high as they could be, for the structure does not permit all the 
dipoles to have parallel alignment. When this structure is broken down isothermally 
by increase of pressure, there is a considerable increase of dielectric constant ® which 
must be predominantly due to an increase ing. Thus, high pressures increase the abnorm- 
alities of water,“ perhaps increasing its resemblance to liquid hydrogen cyanide (g = 3-6). 
The effect of rising temperature on the dielectric constant of water (giving a curve convex 
towards the temperature axis) is therefore partly due to a randomisation of structure which 
will allow configurations of higher g to become relatively more probable, and partly to the 
general effect of thermal agitation to reduce g. This appears to provide a reasonable basis 
for the insensitivity of dielectric constant to changes of the kind envisaged. 

(b) Interactions between Molecular Solutes and Water.—Frank *' and Frank and Evans * 
have greatly clarified the problem of solute-solvent interactions in terms of the free- 
volume treatment of entropy, the results of which appear to be of fundamental importance 
in all discussions of aqueous solutions. The great loss of entropy to be expected when a 
gas molecule enters the confined state of solution in a liquid is normally offset by the 
loosening effect, due to relaxation of intermolecular restraints, on the solvent. Corre 
spondingly, the entropy of evaporation, AS,, is smaller than would be expected for the 
removal of the solute from the condensed to the gaseous phase, an anomaly which is resolved 

** Ginnings and Furukawa, J. Amer. Chem. Soc., 1953, 75, 662 

*’ Bridgman, ‘ The Physics of High Pressures,” Bell, London, 1949, p. 346 

Korber, Z. phys. Chem., 1909, 67, 212 
** Dorsey, “ The Properties of Ordinary Water Substance,”’ Reinhold, New York, 1940, p. 367 
* Smith and Lawson, /. Chem. Phys., 1954, 22, 351 


‘' Frank, ibid., 1945, 18, 378, 393 
*? Frank and Evans, ibid., p. 607 
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in terms of an excess of entropy of the solvent due to the loosening effect. Water is unique 
as a solvent in that the values of AS, for non-polar solutes are, on the contrary, far ‘’ too 
large’ to the extent of 10 e.u, per mole of solute. This implies that the “ excess of 
entropy of the solvent is large and negative. To explain this, each solute molecule is 
regarded as surrounded by an “ iceberg,”’ of greater extent the larger the solute molecule. 
This ‘' freezing ’’ of the water causes more heat and entropy to be lost during dissolution 
than expected; AH, otherwise small, becomes large, and —AS remarkably large. With 
rising temperature, the “ melting’ of the ‘icebergs accounts for the enormous partial 
molar heat capacities found for the inert gases and other non-polar solutes in aqueous 
solution. Because of this melting, this very abnormal “ solvent reaction,” peculiar to 
water, is supplanted at higher temperatures by the normal one, and water then behaves 
little differently from other solvents. It may be noted that, although this cannot be taken 
as evidence of marked structural change with rising temperature in water itself, it indicates 
unambiguously a radical change in the response of water to foreign molecules, This is no 
doubt the basis for minima which have been found in the partial molar volumes ® and 
solubilities “ of hydrocarbons in water on a rising temperature scale, together with other 
similar phenomena noted by Magat.* 

Independent evidence for the hydration of non-polar solutes is convincing. 
Claussen's #® intuitive ideas on the clathrate nature of inert gas hydrates have been 
confirmed by X-ray structure determinations “ and have a clear relation with the “ ice- 
bergs ’ of Frank and Evans. There can be little doubt that these authors have drawn 
attention to, and clarified, a property of water of outstanding importance which, now 
realised, appears relevant in most unexpected fields.47 

Other kinds of hydration are likely to be active in relation to the undissociated mole- 
cules of weak acids and bases, for all must contain at least one centre for the formation of 
a hydrogen bond with one or more solvent molecules. The presence of any other polar 
group in the molecule may lead to dipole-dipole interactions sufficiently strong to be 
classed as hydration.!. These considerations show that no undissociated molecule in 
aqueous solution is likely to escape extensive hydration of some kind. This means that, 
in considering the thermodynamics of the ionisation of a weak electrolyte in aqueous 
olution, it must be recognised that hydration plays a major part in determining, inter alia, 
the entropy and heat capacity of the initial system. Unless these effects are substantially 
unchanged in the final, ionised system, which appears to be most unlikely, they will also 
largely affect the values of AS and AC, for the ionisation and, perhaps to a less extent, all 
the other thermodynamic functions. Since molecules do not, like ions, possess integral 
charge, it appears to be impossible to develop a general theoretical treatment of their 
hydration; each case must be considered as a special problem. 

(c) Interactions between Ionic Solutes and Water.—The hydration of ions, so extensively 

tudied, can be regarded as part of the wider problem concerned with all the effects which 
operate between the ions and the solvent, These effects, which are not independent, 
can be classified in order of decreasing intensity of interaction, or of increasing distance 
from the centre of an ion. The strongest interaction can give rise to what is known as 
primary hydration,“* in which water molecules become attached to the ion with loss of 
their own translational freedom, but remain in activated exchange equilibrium with the 
rest of the solvent.” Steric limitations, and the screening effect °° which causes a sharp 
decrease in the strength of the ionic field just outside the first hydration shell,®! restrict 
the primary hydration to a small number of molecules. Since coulombic forces are of 
long range, the residual field outside the primary hydration shell will set up a zone of 


** Masterton, 7. Chem. Phys., 1954, 22, 1830 

Bohon and Claussen, J. Amer, Chem. Soc., 1961, 78, 4181. 
» Claussen, /. Chem. Phys., 1951, 19, 2569, 662, 1425 

Stackelburg and Miller, J], Chem, Phys., 1951, 19, 1319 
Grahame, thid., 1055, 78, 1725 
Bockris, OUuart. Hev., 1949, 3, 179 
Journet and Vadon, Bull, Soc. chim. France, 1965, 693, 
Fuoss, 7vans. Faraday Soc., 1934, 30, 970, 
Azzam, Z. Elektrochem., 1954, $8, 889 
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secondary hydration in which there is a rapidly changing population of water molecules 
which retain some translational freedom, but are oriented by the ionic field with loss of 
rotational freedom. It is, however, likely that the water molecules in the first shell will 
exert an ordering effect upon the outer molecules by hydrogen bonding @ but it is 
reasonably certain that there is a wide difierence in firmness of binding, and in average 
time of residence, between the water molecules in primary and secondary hydration shells. 
It seems desirable to define the secondary hydration shell as that containing all water 
molecules which, without substantial loss of translational freedom, experience an order- 
producing effect exerted by the ionic field. This definition differs somewhat from that 
due to Bockris,** but is more precise. 

Outside the hydration zones there is a region in which a condition of maximum disorder 
prevails where the incompatible ordering influences of the central ionic field and of the 
external quasi-crystalline water structure largely annul one another. The evidence for 
this disordered zone is compelling. Frank and Evans ® observed that the entropies of 
evaporation of ionic and of non-ionic solutes from aqueous solution are closely similar, 
Thus, although the ionic charge has a very large effect upon the heat of evaporation, it has 
little effect .»on the entropy. Since the hydration of ions in solution must produce a 
large entre; defect, it appears that the ionic solutes have ‘‘ too much” entropy, an 
anomaly that can be resolved by supposing that the excess of entropy resides in a disordered 
zone, in which the residual ionic field breaks down the water structure without being able 
to impose its own centrosymmetrical order. With reasonable assumptions, Frank and 
Evans ® calculated a “ structural entropy’ which represents the influence of the ions, 
excluding polarisation, on the structure of the water beyond the first shell of primary 
hydration. This term makes a positive contribution to the entropy of evaporation if the 
net effect of the ions is structure-promoting, but for most ions the reverse is true, indicating 
predominance of the structure-breaking effect. 

The evidence of the structural entropy is supported by the smooth relationship existing 
between ionic elevation of fluidity *™ and ionic entropy of evaporation, from which it is 
clear that ions which have the largest structure-breaking effect enhance fluidity the most. 
These effects appear to be expressible ™ in terms of the B coefficient of Jones and Dole’s 
equation ® for the viscosities of electrolytic solutions. Values of B run parallel with 
structural entropies, and it is noteworthy that negative values of B, corresponding with 
ionic structure-breaking, are found only for aqueous solutions. 

The large, negative partial molar heat capacities of ions in solution are due to the loss 
of kinetic freedom imposed upon solvent molecules by the ionic field. This effect is not, 
as might be expected, a maximum for the smallest ions of a given charge.*® Since, however, 
the high heat capacity of water is a function of its structure, the breaking of the structure 
by means other than increase of temperature will reduce the heat capacity, and this will 
in turn make the partial molar heat capacities of ions more negative. There is indeed a 
parallel between this effect and the structure-breaking properties of ions, which are not 
directly related to ionic radius. 

There is much other evidence suggesting that the effect of ions upon water is akin to 
that of raising the temperature, thus allowing the conception of a“ structural temperature ' 
for each solution. This evidence is based upon X-ray scattering,®’ dielectric absorption,®* 
infrared absorption ™ and self-diffusion.?7 

This summary of ion-water interactions makes it clear that there may be three zones 
about an ion in which the properties of the solvent undergo radical changes, all of which 
will contribute to the partial thermodynamic properties of the ion. How these effects 
will vary with temperature is almost entirely unknown, for even evidence upon the change 


*® Verwey, Rec. Trav, chim., 1942, 61, 127 

* Bingham, ]. Chem. Phys., 1941, 45, 885 

** Gurney, ‘‘ Ionic Processes in Solution,”’ McGraw-Hill, New York, 1953, pp. 172, 249 
‘© Jones and Dole, /. Amer. Chem. Soc., 1929, 61, 2050 

* Rossini, /. Res. Nat. Bur. Stand., 1931, 7, 47 

‘7 Stewart, Phys, Rev., 1931, $7,9; J. Chem. Phys., 1939, 7, 689 

* Mansel Davies, Quart. Rev., 1954, 8, 250. 

* Ganz, Ann. Physik, 1937, 28, 445 
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of ionic hydration with temperature is very scarce. It is also evident that a problem of 
equal complexity is presented by the interaction, considered as a function of temperature, 
between a polar, multifunctional molecule and water. Under these conditions, it is 
obvious that no general physical treatment, based upon Born-Webb continuum physics 
or upon ion-dipole models, has much prospect of success in relation to this problem, which 
must therefore be discussed as a special case, with use of all available specific evidence. 

(d) Specific Properties of Cyanoacetic Acid lons and Molecules.—The distribution of 
charge between the oxygen atoms of the carboxylate anion is such as to make the occurrence 
of ordinary primary solvation improbable, but the presence of lone pairs on these atoms 
will undoubtedly lead to hydrogen bonding with water molecules, reinforced by the anionic 
field. It is important to know whether this hydration can be concerned in the temperature 
dependence of the thermodynamic functions. Limiting anionic mobilities have been 
calculated by using hydrogen ion mobilities selected by Robinson and Stokes,“ and 
Gurney’s modification of Walden’s rule *! has been applied tothem. If no change occurs in 
primary solvation, »/, where 7 and / are viscosity and mobility, should be constant. The 
data relating to this test for the cyanoacetate ion are shown in Table 10. 


TABLE 10. 

Temp, 9 (centipoises) lL, 

1-792 —_ 

1-519 250-1 

1-140 300-6 

0-8037 349-8 

07225 397-0 

05988 441-4 

* Extrapolated. 


Since a three-fold mobility range is covered, this test is reasonably satisfactory in 
excluding any significant change in the cyanoacetate ion, as a kinetic entity, over the 
temperature range. The same test cannot be applied to the hydrogen ion because of its 
special mechanism of transport in aqueous solution, but the lithium ion responds very 
well, and because it appears to be almost identical with the hydrogen ion in osmotic 
activity ™ it is likely to have similar constitution and dimensions. The hydronium ion is 
firmly joined to three water molecules by reinforced hydrogen bonds ; ® a hydration number 
of 4 for the proton is not inconsistent with assessments by old “ or recent ®® methods, and 
is supported by the views of Darmois.“ It may also be relevant that the test seems best 
satisfied by order-promoting ions, of which the hydrogen ion is one. It is therefore 
established with reasonable certainty that no changes in primary solvation need be 
considered. 

Evidence on secondary hydraties is confined to that available from measurements of 
viscosities of cyanoacetic acid solutions.*7 With allowance for incomplete dissociation, 
Jones and Dole’s B coefficient for the fully ionised acid is +-0-172 at 35°. The value ™ 
for the hydrogen ion is +4-0-07 at 25°. The difference in temperature being ignored, it is 
reasonable to assess the B coefficient for the cyanoacetate ion at about +-0-10; it is there- 
fore structure-promoting, but less so than the acetate ion itself (B = +0245). It may 
be concluded that, since both of the ions of cyanoacetic acid are structure-promoting, 
considerable secondary hydration is involved at ordinary temperatures. 

The nitrogen atom of the highly polar nitrile group carries a lone pair of electrons; the 
strong interaction of this group with water consequently expected is confirmed by the 
complete, endothermic mixing of acetonitrile with water.** This effect will no doubt 


* Robinson and Stokes, “’ Electrolytic Solutions,” Butterworths, London, 1954, p. 454. 
*' Ref, 54, p. 69 

** MaciInnes, “ Principles of Electrochemistry,” Reinhold, New York, 1939, p, 173. 

** Wicke, Eigen, and Ackermann, Z, phys. Chem, (Frankfurt), 1964, 1, 340. 

™ Ulich, Z. Elehktrochem., 1930, $6, 497 

** Glueckauf and Kitt, Proc. Roy. Soc., 1955, A, 228, 322. 

** Darmois, Compt. rend., 1965, 240, 1341. 

*’ Srinivasan and Prasad, J. Indian Chem. Soc., 1939, 16, 371. 

** Vierk, Z. anorg. Chem., 1950, 261, 283. 
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confer upon cyanoacetic acid molecules a hydration, in addition to that normally centred 
on the carboxyl group, of a short-range, stable nature. This is supported by the evidence 
adduced in relation to the cyanoacetate ion, where similar nitrile hydration must occur. 
The strong hydration of the cyanoacetic acid molecules provides an immediate explanation 
for the comparatively small entropy loss accompanying the ionisation of the acid (—143 
cal. deg.-' mole!) compared with that (—22-1 cal. deg.’ mole) for acetic acid. It is 
unlikely that for such polar molecules any hydration of the Frank and Evans type should 
occur. 

(e) The Heat-capacity Change on Ionisation of Cyanoacetic Acid.-The observed variation 
of AC, with temperature must be considered in terms of the heat capacities of the final and 
initial systems. These, in turn, are largely dependent upon solute-solvent interactions 
which are no doubt variously sensitive to rise of temperature. In the preceding sections 
it has been established with reasonable certainty that there are three kinds of interaction, 
and related kinds of order, involved in the present problem, and that they have the 
following characteristics : (1) the short-range forces of hydrogen bonding, producing the 
long-range, co-operative order of the quasi-crystalline 
structure of water, (2) the short-range forces of 
molecule-solvent interaction, producing short-range, 
non-co-operative order, and (3) the long-range forces 
of ion-solvent interaction, producing long-range, 
non-co-operative order, 

Of these interactions, (1) is the most vulnerable 
to rise of temperature, and, of the remainder, (3) is 
more widespread in effect. It is therefore natural to 
suppose that, with rising temperature, (3) may replace 
(1) in predominance, If this is the case, secondary 
hydration of the ions should, above a certain temper- 
ature, increase with further rise of temperature. 
Evidence in favour of this novel suggestion is available 
from the heat-capacity measurements made with the 
high-precision adiabatic calorimeter of Eucken and 
Eigen.” The apparent heat capacities of ions at infinite Temp. 
dilution in aqueous solution, together with apparent Pia. 4. 
ionic volumes, pass through well-defined maxima with 
rising temperature.™ ® Within the restricted range of available data, the tendency of these 
functions to assume negative temperature coefficients runs roughly parallel with the order- 
promoting properties of the ions concerned, measured in terms of their B viscosity 
coefficients. Since ionic hydration powerfully reduces heat capacity, these effects are 
entirely consistent with our suggestion, as also is the genera! tendency of B coefficients to 
rise with temperature.”° A different interpretation is given by the Géttingen school, but 
there is some agreement in the postulation of the joint action of hydration forces and the 
“ solvent medium effect.” 

With this indication, it is possible to interpret the problem tentatively in some detail. 
For the ionisation (Fig. 2) —-AS increases smoothly with rising temperature, but remains 
abnormally low over the whole range, compared with its values for other monocarboxylic 
acids. It may be concluded that no rapid collapse of the molecular hydration takes 
place, and that no sudden, uncompensated change in order-—<disorder relations occurs in 
either the initial or the final system, within the temperature range, so it is suggested that 
C, for the initial system rises smoothly with temperature, as indicated purely formally, by 
curve Lin Fig.4. At each low temperature, C, is regarded as being depressed by the degree 
of “ freezing " of the solvent produced by the action of the polar solute molecules upon it. 
At each higher temperature, the magnitude of C, is enhanced by an amount depending 
upon the degree of disorder generated in the preceding temperature rise, and by an amount 
depending upon the extent to which “ melting "’ occurs at the temperature concerned. 


** Eucken and Rigen, Z. Elektrochem., 1951, 66, 343. 
7 Ref. 54, p. 162. 
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It will become clear why the curvature has been made similar to, but much slighter than, 
that of curve Il, which relates to the final system. 

At a low temperature, the heat capacity of the initially un-ionised system is largely 
reduced when ionisation occurs, since the long-range, ionic forces which are generated 
produce extensive secondary hydration, in which many water molecules suffer loss of 
rotational freedom. With rising temperature (within the range for which C, for pure 
water is decreasing), thermal agitation will increasingly overcome the centrosymmetrical 
orienting force, and the zone of disorder surrounding that of secondary hydration will 
move inwards. This may cause a rather rapid increase of C, for the final system because 
of the comparatively large number of water molecules simultaneously involved, the 
restoration of whose rotational freedom requires a “ latent heat.’’ For this reason, the 
left-hand branch of curve II has been made quite steep. 

With further rise of temperature, the peculiar vulnerability of the water structure 
comes into play. Since water is the common solvent for both initial and final systems, 
any direct effects upon C, (which have not been taken into account in Fig. 4) will be 
cancelled out of AC,, which will therefore record only the indirect effects of the change 
in water structure. As already indicated, the main effect depends upon the fact that the 
order of the quasi-crystalline water structure is co-operative, whilst the order of ion- 
controlled orientation is not. If then, over quite a narrow temperature range, the 
opposition which the ‘‘ water structure forces” offer to the ionic ordering forces suffers 
a partial collapse, there will be a swing of the balance between them in favour of the ionic 
forest rhus, the initial recession of the zone of secondary hydration is arrested and 
replaced by an expansion. The C, curve for the final system then passes through a 
maximum and assumes a negative slope as the “ freezing ’’ process is resumed, accompanied 
by liberation of “ latent heat.’’ A similar set of occurrences, on a much restricted scale, 
may give curve I, for the initial system, the curvature that has been assigned to it. 

It is not known how far these considerations may be generally applicable. As a special 
case of an electrolyte providing order-promoting ions, the ionisation in aqueous solution, 
containing dissolved nitrogen, has been found to involve a heat-capacity change with a 
characteristic temperature dependence which calls for an explanation of the sort that has 
been given. No similar data exist with which comparison can be made. Even if practic- 
able, it would be premature to try to strengthen the theory by quantitative or mathematical 
treatment; over-simplified attempts to do so might well obscure the issues in a problem 
of complexity. 

(f) General Discussion of Tonisation Functions.--A comparison of cyanoacetic acid 


ro 


with its relatives is of interest. The data, all relating to 25°, are shown in Table 11. 


TABLE II, 
CHyCO,H CH,F-CO,H CH,ChCO,H CH,BrCO,H CH,I-CO,H CH,CN’CO,H Ref 

AG (cal, mole) ; 6487 3527 3911 3958 4330 3368 a 
AH (cal. mole) ... it2 — 1390 1123 1239 1416 — 888 a 
AS (cal. deg. 

mole!) 23 16-5 16-9 17-4 19-3 —143 a 
\ Ps cal. dew 

mole) 
Dip le moment 


(CHyX , 1-87 1-80 1-64 3-04 b 
Field strength, & ... 0-190 O77 0-153 0-174 


Bond refractivity, 
CmX (ex nee ‘73 6-53 9-37 14°55 53 d 
e 
a 


32-6 46-4 381 32-9 ~~ 35-6 a 


x 
ApK/I ' sien 10-0 10-5 10-3 13-0 
\( Vij/E x 10 53 64 8-6 45 
References ; (a) For acetic acid, Harned and Eblers;* for halogenoacetic acids, Ives and Pryor.' 
b) Vor CH,F, Smyth and McAlpine, J. Chem. Phys., 1934, 2, 499; for halides and cyanide, Groves 
and Sugden, /., 1937, 158. (c) Ives and Sames.”! (d) Syrkin and Dyatkina, “ The Structure of 
Molecules,"’ Butterworths, London, 1950, p. 201. (e) For halogenoacetic acids, Ives and Pryor.! 


It is remarkable that whilst cyanoacetic acid is stronger than any of the halogenoacetic 
acids, its enthalpy decrease on ionisation is the least. This is counterbalanced by the 


7! Ives and Sames, /., 1943, 513 
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fact that the entropy loss is also the least. The implication of this is that cyanoacetic acid 
owes its strength substantially to the fact that its ionisation is less disfavoured than normal 
by a large entropy loss, but at the same time the undissociated acid is stabilised by its 
rather stable hydration. This can also be seen from the values of ApK/E, indicating the 
acid to be stronger than is to be expected, and of A(—AH)/E, which shows that the total 
energy change is less than would be expected on the same grounds. The polarisability 
of the nitrile group, as measured by bond refractivity, can hardly be significant, as in the 
case of the halogenoacetic acids, for the group is small, and is further removed from the 
seat of ionisation. Change in heat capacity for ionisation at a single temperature loses 
much significance according to the previous discussion, but the value of AC, for the cyano- 
acid at 25° is in line with the tentative treatment previously given.! 

The maximum dissociation of cyanoacetic acid occurs at 43° +. 0-1° (from equations 
36, 3c, or 9) and the value of Kmox, is (359-3 + 0-1) x 10°°, yielding values for AG of 3103 
cal. mole and for AS of —11-18 cal. deg. mole~! at this temperature. It is evident 
that the condition for AH to be zero at the temperature of maximum dissociation is 


AH, AC,dT from which it can be seen that the factors determining 0 and Kgs. 


vary from case to case, robbing these constants of any clear or simple significance. 


I. XPERIMENTAL 

The apparatus and procedure were essentially as described by Ives and Pryor.’ All solutions 
were prepared from independent, directly weighed samples of solute, and for a given solution 
all the measurements over the temperature range were carried out without interruption. Before 
each set of measurements, the contacts of the standard resistance box were cleaned with 
‘‘ Microid ’’ polishing y-alumina (Griffin and Tatlock Ltd.) moistened with thiophen-free benzene, 
and a stream of dry nitrogen was passed through the box throughout the measurements, This 
procedure was found to be very advantageous in eliminating errors due to variable contact 
resistances, which were particularly important in relation to the platinum thermometry. The 
mean deviation between platinum and mercury-in-glass (N.P.L.) thermometers was 0-003", 
and in no case was there a deviation greater than the tolerance of the N.P.L calibration (0-005°). 

Cyanoacetic Acid,—Three samples of purified acid were prepared. A fractionally distilled 
sample of ethyl cyanoacetate (b. p. 105°/22 mm.) was refractionated through a column 60 cm, 
long packed with Fenske helices (b. p. 68°/1-5 mm.). The ester (50 ml.) and 0-6n-nitric acid 
(‘ AnalaR ’’) (100 ml.) were heated at 60° for 2 hr. with constant stirring whereupon miscibility 
was complete. Heating was continued for a further 2 hr.; the cold mixture was then kept 
for 72 hr., and reduced to 25 ml. by evaporation in vacuo at 50°. On cooling, fine white needles 
separated; they were washed with redistilled absolute ethanol, collected on a sintered glass 
filter, and dried in vacuo (yield 20 g.). The crude product was reerystallised four times in 
all-glass apparatus from 40: 60 benzene-—acetone, prepared from intensively purified and dried 
solvents (Sample A), Two further samples from independent commercial sources were 
repeatedly crystallised from the same solvent; five recrystallisations were needed in each case 
to obtain material of constant m. p. and conductance of equimolar solutions (Samples B and C), 
Equivalents of these samples were determined by comparison with 99-96% benzoic acid 
(‘‘ Calorimetric Standard "’) and with 99-98% potassium hydrogen phthalate, by titration with 
baryta, with precautions to ensure maximum volumetric accuracy. M. p.s were determined 
in thin-walled glass tubes, attached to a high-vacuum apparatus, immersed in a mechanically 
stirred water bath, the temperature of which was raised at 0-05° per minute. A_ totally 
immersed N.P.L. thermometer, (in 0-02°) was used. The constants for the three samples 
were; Sample A; equiv., 85-06 4 0-04; m. p, 70-8—71-0 Sample B; equiv., 85-12 +. 0-05; 
m. p. 70-9-—71-0°. Sample C; equiv., 85-06 40-03; m. p. 70-90—71-1°. Cale.: equiv., 
85-0656 

The new m. p. is higher than any previously recorded (68--68-5° "; 68°); this, together 
with the stringent test that all three samples gave the same conductance results within experi 
mental error, justifies the claim that material with properties independent of its history had 
been obtained 

The interesting observation was made that cyanoacetic acid is unstable to intensive 
desiccation with phosphoric oxide. It decomposes with formation of a brown, deliquescent, 
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highly acidic material, thought to be a polymerised poly(cyano-acid). For this reason high- 
vacuum sublimation was discarded as a method of purification. Samples of acid were stored 
over silica gel, which cannot produce this effect, and were intensively desiccated for only a 
short period before use. The stability of the acid in solution was tested by repeated measure- 
ment of conductance at 5° after a set of measurements, occupying 12 hr., in which the 
temperature had been raised to 45°, Reproducibility of the conductance was always within 
experimental error, 

Calculations.-The fundamental constants of Birge™ were used, together with Wyman’'s 
dielectric-constant data™ and Bingham and Jackson's viscosity data.” Values of the Debye 
Hiickel constant, A, and the Onsager slopes, a, used in the calculations are shown in Table 12. 


TABLE 12, 
lemp h 1b 15° 20° 25° 30 35° 40° 45° 
B ices 040274 049633 0-650028 050457 0-60908 051405 0°51925 052486 0-53070 
f° O-22146 022308 022485 022678 0°:22883 023104 023338 023590 0-23853 
ss 135-069 +40-829 +4609042 +53-418 460-252 467-466 475-019 +82-9022 491-174 


We are indebted to Dr, R. W. Pittman for constructive criticism and one of us (F. 5S. F.) 
thanks the authorities of Birkbeck College for a research studentship. 
lun Greoncn Suwrer LABORATORY, 
Linkeeck COLLEGE, Lonpon, W.C.1, Recewed, February 3rd, 1956 
' jhirge, Kev. Mod. Phys., 1941, 18, 233. 
™ Wyman, Phys. Rev., 1930, 36, 623 
’* Bingham and Jackson, Bull. Bur, Stand., 1918, 14, 75. 


550. Phosphorylation through Glyoxalines |Iminazoles| and its 
Significance in Enzymic T'ransphosphorylation. 


By J. Bappiutey, J. G. Bucnanan, and R. Letrers. 


1-Vhosphoglyoxaline ([; R H) and its esters have been prepared. 
The esters phosphorylate alcohols and amines readily, and with acetic acid 
give esters of acetyl phosphate. They also react, often in aqueous solution, 
with phosphate ions or phosphoric esters yielding pyrophosphates, The 
possible significance of these observations in connection with certain enzymic 
eactions involving adenosine triphosphate is discussed. It is suggested that 
a glyoxaline residue in an enzyme might be the site of activity for transfer 
of nucleotide or phosphate groups. 


In certain enzymic reactions, particularly those involving cholinesterase } and chymo- 
trypsin,® it has been suggested that acyl-enzyme intermediates occur. The glyoxaline 
ring of a histidine residue in the enzyme protein may be the site of acylation. In support 
of this view is the known reactivity of N-acylglyuxalines, ¢e.g., with amines,’ thiols, alcohols, 
and inorganic phosphate ions* to form the respective acyl derivatives. Further, the 
effect of pH on the activity of chymotrypsin is consistent with the ionisation of glyoxaline 
residues and supports the suggested participation of these residues in the enzyme reaction.® 
Glyoxaline residues are also thought to be involved in the action of certain glycosidases.® 

We have considered the possibility that a similar sequence involving the substitution 
of glyoxaline residues in the protein may take place during the very many enzymic reactions 
in which pyro- and tri-phosphates are required. The details of such a scheme are discussed 
more fully below. Briefly, our problem included the preparation of phosphorylated 
derivatives of glyoxaline and a study of their reactions. It was thought that some of these 
derivatives might show certain reactions associated with such compounds as adenosine 
triphosphate (ATP), ¢g., they might be phosphorylating agents or form pyrophosphates. 

' Wilson, Biochim, Biophys. Acta, 1951, 7, 466, 520. 

* Hartley and Kilby, Biochem, ]., 1954, 66, 288 

* Kergmann and Zervas, Z. physiol. Chem., 1919, 50, 108. 

* Stadtman and White, J. Amer. Chem, Soc., 1953, 76, 2022 


* Hammond and Gutfreund, Biochem. ]., 1955, 61, 187. 
* Larner and Gillespie, Arch. Biochem. Biophys., 1955, 58, 252 
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Related to these suggestions is the observation that glyoxaline and its derivatives 
catalyse the hydrolysis of ditsopropyl phosphorofluoridate, a powerful cholinesterase 
inhibitor. It has been claimed ? that this inhibitor acts through the intermediate formation 
of a diisopropyl phosphoryl derivative of a glyoxaline residue in the enzyme. The 
reactivity of such an intermediate is probable, since the ditsopropyl phosphoryl group 
finally appears attached to the hydroxyl group in a serine residue on the enzyme. A 
study of the reactions of phosphorylated glyoxalines should clarify this theory. 

When two mols. of glyoxaline in toluene or dioxan are mixed with one of diphenyl phos- 
phorochloridate, the theoretical amount of glyoxaline hydrochloride was rapidly precipi- 
tated: the product, the diphenyl ester of 1-phosphoglyoxaline (I; RK = Ph), was obtained as 
an oil on evaporation of the solvent but was used without isolation in the experiments des- 
cribed here. It reacted readily at room temperature with benzylamine, or when heated 


, } re) 
(RO), PO-NHR 
(» | ( 
(Il) 
N N 
PO(OR), RO:PO (NHR’), P 


() (itt) (IV) 


with aniline, to give the respective phosphoramidates (II) in high yield. With eyelo- 
hexylamine a lower yield (44%) of the substituted phosphoramidate was obtained, and 
even with freshly distilled reagents and dry apparatus this reaction was always accom 
panied by the formation of varying amounts of cyclohexylammonium diphenyl phosphate. 
When an excess of aniline was used the substituted phenyl phosphorodiamidate (III; 
R =: R’ = Ph) was obtained. 

Alcohols also reacted readily with the phosphorylating agent (I; R = Ph). eyelo- 
Hexanol gave cyclohexyl! diphenyl phosphate in 85°% yield at room temperature, and even 
the rather unreactive secondary hydroxyl group in pantolactone (p-$6-dimethyl-y-butyro 
lactone) was phosphorylated under these conditions. 

Benziminazole reacted with diphenyl phosphorochloridate to give the diphenyl ester 
of l-phosphobenziminazole. This reagent was slower than the glyoxaline compound in 
its action on amines. Although phosphoramidates were obtained in good yield when it 
reacted with benzylamine or aniline prolonged heating was necessary. Both reagents 
were readily hydrolysed by water. 

The reactivity of phosphorylated glyoxalines is much greater than that of the ordinary 
phosphoramidates which also contain an N-P linkage. We consider that this is a result 
of electronic displacements of the type shown in (1V) and associated in particular with the 
electron attraction of the unsubstituted nitrogen atom. It is interesting that creatine 
phosphate, a well-known enzymic phosphorylating agent, also has the system ~P-~N~-C=N- 
in its structure. 

The experiments described so far support the view that di:sopropyl phosphorofluoridate 
reacts with glyoxaline residues in cholinesterase. Not only are such glyoxaline phosphoric 
amides readily formed, but they could phosphorylate hydroxy! groups (é.g., serine residues) 
in other parts of the enzyme protein. 

The chemical reactivity of phosphorylated glyoxalines may be related to certain enzymic 
reactions involving pyrophosphates. It is possible that the glyoxaline ring in a histidine 
residue in the enzyme might react with, say, adenosine triphosphate (ATP) to give an 
adenosine-5’ phosphate-(AMP) enzyme compound (reaction A). This would then react 
with one of a variety of substrates to give an AMP-substrate compound (reaction B). 
Such a scheme could apply to the enzymic activation of acetate to give acetyl coenzyme A,* 
in which acetyl-AMP is believed to be an intermediate.® In this connection it was found 

’ Wagner-Jauregg and Hackley, ]. Amer. Chem, Soc., 1953, 75, 2125. 

* Cf. Jones, Lipmann, Hilz, and Lynen, ibid., p. 3285. 

* Berg, ibid., 1955, 77, 3163. 
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that addition of acetic acid to a solution of the phosphate (1; R = Ph) gave acety! 


diphenyl phosphate. This was not isolated but its presence was demonstrated by adding 
hydroxylamine to the mixture. Acethydroxamic acid was formed, and was identified 
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by paper chromatography and a ferric spray.“ The formation of an acyl phosphate in 
this way is somewhat analogous to that of acetyl phosphate from l-acetylglyoxaline and 
inorganic phosphate,* but in our case the reaction is one of phosphorylation of acetate 
rather than acetylation of phosphate and may be more analogous to the enzymic “ acti- 
vation “ of acetate. 

rhe reversibility of reaction A implies that phosphorylated glyoxalines should react 
with phosphoric esters to give pyrophosphates. If this is possible, then a phosphorylated 
substrate in reaction B should also yield pyrophosphates. One might imagine riboflavin-5’ 
phosphate or nicotinamide nucleotide, etc., as substrates in reaction B in the synthesis 
of flavin-adenine dinucleotide, diphosphopyridine nucleotide, and other nucleoside pyro- 
phosphates. Strong evidence for the possibility of such reactions has now been obtained. 

Ihe diphenyl ester of 1-phosphoglyoxaline reacted readily with dibenzyl hydrogen 
phosphate at room temperature, The product, presumably OO-dibenzyl O’O’-dipheny] 
pyrophosphate, was not isolated but its presence was demonstrated by the addition of 
benzylamine whereupon dibenzyl N-benzylphosphoramidate (II; RK = R’ = CH,Ph) was 
produced in 61°, yield. 

The dibenzyl ester (1; R = CH,Ph) was prepared from glyoxaline and dibenzyl 
phosphorochloridate. This compound was less stable than the corresponding diphenyl 
ester since, although a 37% yield of the N-benzylphosphoramidate was obtained when 
treated with benzylamine, no crystalline esters were isolated after reaction with cyclo- 
hexanol. When the ester was heated in water for a few minutes a complex mixture was 
obtained : paper chromatography showed the presence of mono- and di-benzyl phosphate, 
a trace of orthophosphate, and appreciable amounts of tetrabenzyl pyrophosphate. The 
presence of the last substance was confirmed by reduction of the reaction mixture with 
sodium in liquid ammonia :" in addition to orthophosphate, the reduced solution contained 
inorganic pyrophosphate. 

Attempts to remove benzyl groups from the dibenzy] ester (I; R = CH,Ph) by catalytic 
hydrogenation were unsuccessful. The substance is probably a catalyst inhibitor, since 
no hydrogen uptake was observed with several preparations. Partial debenzylation was 
effected by the action of sodium iodide in acetone.” The product was mainly the sodium 
benzyl derivative of 1-phosphoglyoxaline. Like the dibenzyl ester, this compound was 
unstable to water, giving a mixture of OO'-dibenzyl pyrophosphate and benzyl dihydrogen 
phosphate. The formation of these substances, and those from the hydrolysis of the 
dibenzyl ester of l-phosphoglyoxaline are best explained by a partial hydrolysis of the 

1° Stadtman and Barker, /. Biol. Chem., 1950, 184, 769. 


'! Arris, Baddiley, Buchanan, and Thain, unpublished work, 
* Zervas and Dilaus, /. Amer. Chem. Soc., 1955, 77, 5354. 
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N-P linkage to yield mono- or di-benzyl phosphate followed by reaction between these 
esters and unchanged reagent to give pyrophosphates. 

The benzyl group from the sodium benzyl derivative was removed by sodium in liquid 
ammonia. The product, l-phosphoglyoxaline (1; R = H), was isolated as its barium 
salt. When examined by paper chromatography in propan-l-ol-ammonia this product 
was found to contain a small quantity of the barium salt of phosphoramidic acid, This 
impurity was identified by comparison with a sample of ammonium phosphoramidate 
prepared by reduction of dibenzyl phosphoramidate with sodium in liquid ammonia. 
Both phosphoramidate and 1-phosphoglyoxaline give a yellow colour on paper after 

spraying with perchloric acid-molybdate, This 
" colour is also given by inorganic orthophosphate # 
{ff Y ) and indicates very rapid hydrolysis of phosphor- 
‘i OH OH amidic acid and the glyoxaline compound to ortho- 

; 1 phosphate in the presence of perchloric acid. 

AbpfenQ-forG Pea The barium salt of 1l-phosphoglyoxaline was 

om . 8 6 unstable in aqueous solution. In 5 minutes at 100° 

it was completely destroyed, the products being 
glyoxaline, orthophosphate, and appreciable amounts of inorganic pyrophosphate. The 
ready formation of pyrophosphates from this compound and from its benzyl esters 
supports the feasibility of reactions A and B in the general scheme for enzymic reactions 
involving ATP. 

The main difficulty in the above, or any other sequence of events intended to explain 
the reactions of ATP, lies in the observation from several different cases * ™“ that inorganic 
pyrophosphate is not in equilibrium with ATP in the presence of the enzyme but in the 
absence of substrate. However, it is possible that the inorganic pyrophosphate formed 
in the first stage of the above scheme is bound to the enzyme protein and is only released 
when the AMP-enzyme compound has been destroyed by the action of the substrate. 
The known requirements of these enzymes for magnesium ions may be related to this 
point. The inorganic pyrophosphate may be in semicovalent linkage with magnesium 
at certain stages in the above reactions. An alternative possibility is that an enzyme—ATP 
compound (also involving a glyoxaline residue) may be formed and the substrate would 
displace pyrophosphate from this directly. Enzyme-ATP complexes have been suggested 
as intermediates in transphosphorylation.'>'* It is difficult to formulate such complexes 
but we suggest (V) as one possible form. 


EXPERIMENTAL 

Diphenyl Ester of 1-Phosphoglyoxaline.—Dipheny| phosphorochloridate (2-68 g.) was added 
with shaking to a solution of glyoxaline (1-36 g.) in dry dioxan (40 c.c.). The hydrochloride 
(1-0 g.) was filtered off rapidly and the resulting ester solution was used directly in the following 
experiments. 

(a) Reaction with benzylamine. Benzylamine (1-5 mols.) was added to a dioxan solution of 
the reagent (from 1 mol, of phosphorochloridate), and the solution was set aside at room tem 
perature for 16 hr, with the exclusion of moisture. Solvent was removed under reduced pressure 
and the remaining oil was dissolved in chloroform, After being washed with n-sulphuric acid, 
then sodium hydrogen carbonate solution, the chloroform solution was dried (Na,SO,) and 
evaporated. The residue of diphenyl N-benzylphosphoramidate (65%) was recrystallised from 
aqueous methanol. It had m. p. and mixed m. p. 104°. 

(b) Reaction with aniline. Diphenyl N-phenylphosphoramidate (61%) was obtained in a 
similar reaction with aniline. It had m. p, 124°. When the reaction was carried out by 4 
hours’ refluxing with an excess of aniline the product, which crystallised directly from the 
chloroform solution, was phenyl NN’-diphenylphosphorodiamidate (78%), m. p. and mixed 
m. p. 169°. 

(c) Reaction with cyclohexylamine. A 44%, yield of diphenyl N-cyclohexylphosphoramidate, 
m. p. 101°, was obtained under conditions similar to those described for benzylamine, Variable 

'® Hanes and Isherwood, Nature, 1949, 164, 1107. 

Kornberg and Pricer, /. Biol. Chem., 1951, 191, 535. 


18 Hoagland, Biochim. Biophys. Acta, 1955, 16, 288. 
'* Hoagland and Keller, Fed. Proc., 1955, 14, 73. 
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amounts of cyclohexylammonium diphenyl] phosphate, m. p, 197°, were produced in this reaction. 
This salt crystallised from the dioxan solution of reactants within a few minutes of mixing. 

(d) Reaction with cyclohexanol, Diphenyl cyclohexyl phosphate was obtained in 85% yield 
from cyclohexanol (1-4 g.) and the reagent in dioxan at room temperature (40 hr.), The product 
was isolated in a manner similar to that described for benzylamine. It had m. p. 38° after 
crystallisation in the presence of light petroleum, 

(e) Reaction with pantolactone. From p(—)-pantolactone (1-3 g.) a 27% yield of panto- 
jJactone 2-(diphenyl phosphate), m. p. 81°, was obtained when the reaction was carried out 
for 12 hr. at room temperature. The product was recrystallised fron: aqueous methanol and 
its m. p. was undepressed in admixture with authentic material. 

Diphenyl Ester of \-Phosphobenziminazole.—A dioxan solution of this substance was prepared 
from benziminazole (2-36 g.; resublimed at 100°/15 mm.) and diphenyl phosphorochloridate 
(2-68 g.) as described for the glyoxaline analogue. It reacted with aniline or benzylamine when 
its dioxan solution was refluxed for about 9 hr., yielding the substituted phosphoramidates 
(74%, from benzylamine, 60% from aniline), With cyclohexylamine only the cyclohexy]l- 
ammonium salt (84%) was obtained, 

Hydrolysis of the Diphenyl Ester of 1\-Phosphobenziminazole.-The above reagent was 
prepared in acetonitrile and a little water was added. Within a few minutes crystals of benz 
iminazolium diphenyl phosphate had separated. It had m. p. 158° (from alcohol) (Found : 
C, 61-8; H, 49; N, 83, C,,H,,O,N,P requires C, 62-0; H, 4:6; N, 7-6%). 

Formation of Neutral Pyrophosphoric Esters.—A solution of the diphenyl ester of 1-phospho 
glyoxaline (from 2-68 g. of diphenyl! phosphorochloridate) in toluene was added to one of dibenzy! 
phosphate (5-54 g.) in the same solvent, and the mixture was kept at room temperature for 
1} hr. The amount of OO-dibenzyl O’O’-diphenyl pyrophosphate formed was determined in 
a manner similar to that used by Corby, Kenner and Todd,” with substitution of benzylamine 
for cyclohexylamine 

Benzylamine (3-2 g.) was added to the mixture and after 12 hr. the benzylamine salt was 
filtered off. The toluene solution was washed with dilute sulphuric acid, then sodium hydrogen 
carbonate solution, dried (Na,SO,), and evaporated in vacuo. The residue of dibenzy] N-benzyl- 
phosphoramidate (2-1 g., 61%) after recrystallisation from cyclohexane had m. p. and mixed 
m, p, 84”. 

Dibensyl Ester of \-Phosphoglyoxaline.—A solution of glyoxaline (1-36 g.) in dioxan (26 c.c.) 
was added at 0° to dibenzyl phosphorochloridate (from 2-62 g. of dibenzyl phosphite) in dioxan 
(20 c.c.). The mixture was shaken for a few minutes at 0° then allowed to reach room tem- 
perature. The hydrochloride (1 g. Theor., 1-05 g.) was filtered off as rapidly as possible and the 
solution was used without delay in the subsequent experiments, 

Reaction between the Glyoxaline Diphenyl Phosphate and Acetic Acid.—A solution of the ester 
(from 2-68 g. of diphenyl phosphorochloridate) was mixed with acetic acid (5c.c.). After 2 hr 
at room temperature a sample was treated with hydroxylamine under standard conditions,” 
and the formation of acethydroxamic acid was demonstrated by a ferric reaction. Both the 
phosphate ester and acetic acid failed to react in this test. The solution of acethydroxamic 
acid was compared by paper chromatography in butanol~acetic acid—water (4: 1: 5) with an 
authentic sample. The preparations were indistinguishable, with R, 0-64, The hydroxamic 
acid was detected by spraying the paper with ferric chloride in hydrochloric acid. 

Hydrolysis of the Dibenzyl Ester of 1-Phosphoglyoxaline.—The ester (from 0-26 g, of dibenzyl 
phosphite) was heated with water (10 c.c,) for 5 min, at 100°, then examined by paper chromato- 
graphy in propan-l-ol-ammonia-water (6:3: 1). The following substances were detected : 
tetrabenzyl pyrophosphate, dibenzyl phosphate, benzyl hydrogen phosphate, and traces of 
orthophosphate (for Ry values, see Table), 

Ry 
(B) 
retrabenzyl pyrophosphate ° - 1-Phosphogl yoxaline 
rribenzyl pyrophosphate - 0-96 Phosphoramidate 
Dibenzy! hydrogen phosphate ...... 0-90 0-89 Orthophosphate 
OO'-Dibenzy! pyrophosphate ...... 0°83 0-74 Pyrophosphate 
Benzyl! dihydrogen phosphate 0-37 

rhe formation of pyrophosphates in this reaction was confirmed by hydrogenolysis of the 

products with sodium in liquid ammonia, Water was completely removed from the mixture 


'' Corby, Kenner, and Todd, J., 1952, 1234, 
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by evaporation in vacuo and the residue was dissolved in liquid ammonia (30—40c.c.), Sodium 
was added without delay in small pieces until the blue colour persisted. Solvent was allowed 
to evaporate with occasional rocking, last traces being removed at the pump. Alcohol (5 c.c.), 
then water, were added to the residue, and the solution was passed through a column of Amber 
lite IR-120 resin (H* form). The eluate was evaporated and shown by paper chromatography 
to contain inorganic pyrophosphate and orthophosphate only. 

Sodium Salt of 1-Phosphoglyoxaline Benzyl E:ster..-The dibenzy| ester of 1-phosphoglyoxaline 
(0-01 mol.) was prepared in the usual manner but in dry acetone. Sodium iodide (1-5 g.; 
previously heated at 110° for 30 min.) was added and the solution was kept at 50—60° for 15 
min., during which solid was deposited, then at room temperature for 2 hr. The solid (2-2 g., 

5%) was filtered off and dried (P,O,). Benzyl iodide was detected in the filtrate. A solution 
of the sodium salt in water and a similar solution which had been heated for 5 min. at 100° were 
examined by paper chromatography in propan-l-ol-ammonia (d 0-880)-water (7: 2:1). Both 
solutions were found to contain dibenzyl hydrogen phosphate, OO’-dibenzyl pyrophosphate, 
and benzyl dihydrogen phosphate (for Ry values, see Table), In addition a spot with Fy 0-58 
was present in large amount in the unheated sample and in much smaller amount in the heated 
sample. This is probably the monobenzyl ester of 1-phosphoglyoxaline. It appears that con 
siderable decomposition of this substance must have occurred during the debenzylation or 
subsequent operations. 

1-Phosphoglyoxaline.The above sodium salt (0-2 g.) was suspended in liquid ammonia, 
and pieces of sodium were added until the solution remained blue. Ammonia was allowed to 
evaporate, alcohol and water were added, and the solution was passed through a column of 
Amberlite [1-120 (H* form), The eluate was neutralised immediately with barium hydroxide 
solution. The mixture was centrifuged, and the clear solution was concentrated in vacuo 
below 40° and examined by paper chromatography. It contained the barium salt of 1-phos- 
phoglyoxaline, together with a small proportion of barium phosphoramidate. The barium salt 
was isolated by precipitation with acetone (Found: C, 10-2; H, 2-0; Residue, 67-3. Cale. 
for C,H,O,N,PBa,2H,O + 10% of BaPO,NH,: C, 10-2; H, 20; Residue 68-7% cale. as 
barium pyrophosphate), The identity of the phosphoramidate was established by comparison 
on paper with a sample prepared from dibenzyl phosphoramidate by reduction with sodium in 
liquid ammonia as des¢ribed above for the glyoxaline compound 

1-Phosphoglyoxaline was separated from phosphoramidate on a small-scale by paper 
chromatography in the form of a series of spots or a band on the paper. When this band was 
eluted the pure compound was obtained as its ammonium salt in solution. A drop of solution 
obtained in this way was hydrolysed with 0-1N-hydrochloric acid at 100° for 15 min. The 
presence of free glyoxaline was then shown by paper chromatography in ethyl acetate-pyridine 
water (2: 1: 2), followed by spraying with diazotised sulphanilic acid, It had FR, 0-76, identical 
with authentic glyoxaline. 

Neutral Hydrolysis of 1-Phosphoglyoxaline,_-The pure ammonium salt eluted from a paper 
chromatogram was heated in water for a few minutes at 100°. The resulting solution was run 
on a paper chromatogram in propan-]-ol-ammonia~—water and was found to have been com 
pletely converted into a mixture of inorganic ortho- and pyro-phosphate, the former in greater 
amount. It was shown that ammonium phosphoramidate was largely unchanged under 
similar conditions. 

Paper Chromatography of Glyoxaline Derivatives and Pyrophosphates.--Chromatography 
was carried out by the ascending front method on Whatman No. 4 paper previously washed 
with dilute acetic acid and water. The solvent was propan-l-ol-ammonia (d 0-880)~water 
((A) 6:3: 1; (B) 7: 2:1), and the molybdate spray “ was used for detection of phosphoric 
esters. The Ry, values in the Table were observed, 

Paper Electrophoresis of 1-Phosphoglyoxaline,-Electrophoresis was carried out on Whatman 
No. 4 paper soaked in 0-lM-acetate buffer at pH 7 with a current of 10 ma and a gradient 
of 5-4 v percm. The molybdate spray was used for detecting phosphates after the paper had 
been dried at 80° for 30 min. The following migrations were observed : 

Distance moved towards cathode (cm_) 

Pyrophosphate 

Orthophosphate 

1-Phosphogl yoxaline 
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551. Chemical Studies in the Biosynthesis of Purine Nucleotides. 
Part I. The Preparation of N-Glycylglycosylamines. 


By J. Bappitey, J. G. Bucnanan, R. E. HANpscHUMACHER, 
and J. F. Prescorr. 


Derivatives of N-glycyiglucosylamine have been prepared in preliminary 
experiments directed towards the synthesis of ‘' glycineamide ribotide ”’ (I) 
and its formyl derivative (Il), two early nucleotide precursors. Tetra-O- 
acetyl-§-p-glucopyranosylamine (III) with chloroacety] chloride gave the 
N-chloroacetyl derivative (V). Replacement of the chloro- by an amino- 
group and simultaneous deacetylation, by means of ammonia, gave N-glycyl- 
6-p-glucopyranosylamine (V1) which was readily converted into its N-formyl 
derivative. An alternative synthesis of the glycyl compounds involves 
reaction between the amino-sugar and benzyloxycarbonylglycyl chloride 
or benzyloxycarbonylglycyl ethyl carbonate, followed by removal of 
protecting groups. 


Ir has been shown by J. M. Buchanan and his collaborators that the uric acid excreted by 
pigeons is built up from simple substances supplied in the diet. By feeding isotopically 
labelled compounds and studying the distribution of isotopes in the uric acid formed, it 
was found that the carbon and nitrogen atoms of the carboxyl, methylene, and amino- 
groups of glycine were incorporated as a unit into positions 4, 5, and 7 respectively in uric 
acid, The carbon at positions 2 and 8 originates from formate, and that at position 6 from 
carbon dioxide.’4 The origin of the nitrogen at positions 1, 3, and 9 was not determined 
conclusively but recent evidence suggests that the atoms at positions 3 and 9 come from 
the amide-nitrogen of glutamine and that at position 1 from the «-amino-group of aspartic 
or glutamic acid.® 

In pigeon-liver extracts hypoxanthine (6-hydroxypurine) is formed rather than uric 
acid and it is generally considered that this is the normal precursor of uric acid produced by 
the living bird, It was shown by Greenberg that the hypoxanthine arose through enzymic 
hydrolysis of inosinic acid and that the ribose-5 phosphate residue in this compound was 
attached at quite an early stage in its biosynthesis.** Although all the stages in the 


° 


a H, NH*CO+CH,*NH, 
H,O;P-O-HyC 


(1) 


formation of inosinic acid from ribose-5 phosphate, glycine, etc., have not yet been clarified, 
several of the intermediates have now been isolated or detected chromatographically.® 7° 

Recent evidence suggests that N-glycyl-p-ribofuranosylamine-5 phosphate (‘‘ glycine- 
amide ribotide’’) (I) is formed from glycine, glutamine, and 5-phosphorylribose-1 
pyrophosphate (PRPP) in the presence of enzymes in pigeon liver.%1" The stages 
involved in this synthesis are not yet settled, but it appears that glutamine contributes 
its amide-nitrogen to form the amide-nitrogen of glycineamide ribotide, and that adenosine 


' Sonne, Buchanan, and Delluva, J. Biol. Chem., 1946, 166, 395 
* Idem, tnid., 1948, 173, 69. 

* Idem, ibid,, p. 81, 

* Buchanan and Sonne, ibid., 1946, 166, 781 

* Buchanan and Wilson, Fed. Froc., 1953, 12, 648; and personal communication. 
* Greenberg, ibid., 1950, 9, 179 

” Idem, ibid., 1053, 12, 651 

* Idem, J. Biol. Chem., 1951, 190, 611 

* Idem, Fed. Proc., 1064, 18, 745 

© Goldthwait, Peabody, and Greenberg, ]. Amer, Chem. Soc., 1954, 76, 5258. 

'' Hartman, Levenberg, and Buchanan, ibid., 1955, 77, 501 
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triphosphate is required in the synthesis. Subsequent stages include the conversion of 
glycineamide ribotide into its N-formyl] derivative (11) and cyclisation of this to glyoxaline 
derivatives bearing a ribofuranose-5 phosphate residue. Eventually, a rjbofuranose-5 
phosphate derivative of 5-aminoglyoxaline-4-carboxyamide is formed and this may be 
formylated enzymically and cyclised to inosinic acid. 

Although other enzymic routes to purine nucleotides exist, ¢.g., from preformed purines 
or from 5-aminoglyoxaline-4-carboxyamide and ribose phosphates, there is no evidence 
to suggest that either free purines or the glyoxaline is built up as such in living systems, 
and it is generally believed that the above route through glycine amide derivatives of 
ribose-5 phosphate represents the main pathway of purine-nucleotide biosynthesis. It is 
essential then, for a fuller understanding of this route, that the structure of the inter- 
mediates be rigidly established. It is our hope in this series of papers to be able to confirm 
by synthesis some of the tentative structures assigned to the intermediates which have 
been isolated from cell extracts, and to prepare possible intermediate substances which 
have not yet been detected in the biological systems. 

The object of the work described now was to develop general syntheses of N-glycyl- 
glycosylamines and their derivatives in order to clarify certain structural features in the 
natural N-glycylribofuranosylamines, It is not known, for example, whether the natural 
compounds are a- or $-glycosides, and there has been some uncertainty regarding the 
location of the formyl] group in the derivative (II). N-Acy! derivatives of glycosylamines 
have received rather little attention and no satisfactory general methods for their prepara- 
tion are recorded. We have examined two possible routes. The first would involve 
reaction between a derivative of an amide and a suitably substituted sugar, whereas the 
second would depend on N-acylation of a_ l-amino-l-deoxy-sugar (glycosylamine). 
Attempts to prepare N-acylglucosylamines by reaction between metal salts of amides and 
acetylglucosy! bromide were rather unsatisfactory and our attention was directed to 
syntheses from glucosylamine derivatives. 

Tetra-O-acetyl-$-p-glucopyranosylamine (III) was considered to be a suitable model. 
This may be prepared by hydrogenolysis of either tetra-O-acetyl-N-benzyl-$-p-gluco- 
pyranosylamine !* or tetra-O-acetyl-$-p-glucopyranosy! azide." We found the second 
method more satisfactory. With methanolic ammonia the acetylated azide yields $-p- 
glucopyranosyl azide.’® Although in our hands this did not erystallise,!* it appeared to 
be homogeneous on paper chromatography and readily gave a crystalline 4: 6-O-benzyl- 
idene derivative (IV), from which acid hydrolysis regenerated 6-p-glycosyl azide, identified 
chromatographically. It is interesting that the @-azide is rather stable towards hydrolysis 
and ammonolysis. 


CH,OAc O'CH, CH;OH 
——C 
°\. NH: CO-CH, NH, 


(III) (LV) 


RNH-CO'CH,CI RNH-CO’CH,NH-CO’OCH,Ph RNH-*CO-NH-CH,"NH’CO:OCH,Ph 
(V) (VII) (VIII) 


(R = tetra-O-acety!-f-D-glucopyranosy!) 


Several methods for the preparation of N-glycyl-¢-p-glucopyranosylamine (VI) from 
the amine (III) were developed. With chloroacety! chloride a good yield of tetra-O- 
acetyl-N-chloroacetyl-6-p-glucopyranosylamine (VY) was obtained. With ammonia in 


Buchanan and Schulman, J. Biol. Chem., 1953, 202, 241 
Helferich, Chem. Ber., 1953, 86, 603 
Bertho and Maier, Annalen, 1932, 498, 50 
* Bertho, Ber, 1930, 63, 836 
Micheel, Klemer, and Baum, Chem. Ber., 1955, 88, 475 
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methanol this gave the desired glycyl compound which was characterised by its behaviour 
on paper chromatography and as its crystalline oxalate and picrate. A more general 
synthesis of N-glycyiglycosylamines consists in reaction between the appropriate acylated 
giycosylamine and benzyloxycarbonylglycyl chloride or benzyloxycarbonylglycyl ethyl 
carbonate. In both cases reasonable yields of the benzyloxycarbonylglycyl compound 
(VII) were obtained from tetra-O-acetyl-$-p-glucopyranosylamine, the acid chloride 
route being preferred.'? Acetyl groups were removed by treatment with sodium methoxide 
in methanol, and the benzyloxycarbonyl residue by catalytic hydrogenolysis, to give 
N-glycyl-$-p-glucopyranosylamine (VJ). 

The tetra-O-acetylglucosyl azide has the §-configuration, both forms having been 
prepared by Bertho et al.%'* Also, neither the N-glycylglucosylamine nor the crystalline 
N-acylated intermediates in its synthesis showed any tendency to mutarotate; conse- 
quently it is reasonable to assume that they are all 6-pyranosides. The stability of the 
N-glycylglucosylamine towards mutarotation is supported by the observation that it 
consumed exactly 2 mols. of periodate at neutral pH. In this respect it differs from 
glucosylamines of the phenyl or pyrimidinyl series and resembles N-acetylglucopyranosy]- 
amine, 

senzyloxycarbonylglycyl azide reacted readily with tetra-O-acetyl-6-D-glucopyranosy]- 
amine (III), but paper chromatography of the deacetylated product showed that a mixture 
had been formed. Although some of the desired benzyloxycarbonylglycyl derivative 
(VII) was present, the main product was a crystalline compound giving analytical figures 
more or less consistent with those for the urea (VIII), This substance was not obtained 
analytically pure but its formation is analogous to the production of ureas from benzyloxy- 
carbonylglycy! azide and derivatives of glucosamine.”” 

N-(Kormylglycyl)-6-p-glucopyranosylamine, analogous to the naturally occurring 
formyl! compound (I1), was readily prepared in good yield by treatment of the glycyl 
compound (VI) with formic acid in acetic anhydride and then with methanolic ammonia 
to remove O-formyl residues. 

Both N-glycylglucopyranosylamine and its formyl derivative resenbled the purine 
nucleotide precursors (I) and (II) respectively in their behaviour towards the ninhydrin 
spray reagent on paper. Whereas the synthetic N-glycyl compound (VI) and the natural 
precursor (1) give positive reactions, the formyl derivatives do not. Syntheses along 
similar lines in the D-ribofuranose series are in progress. 

In the Experimental section we describe a greatly improved Schiff reagent for use in 
the detection of a-glycols after oxidation on paper by sodium metaperiodate. 


EXPERIMENTAL 


(nless otherwise stated, solvents were removed under reduced pressure at <40° (bath). 

Paper Chromatography ‘Two solvent systems were used, viz., the water-poor phase from 
butan-l-ol-acetic acid—water (4: 1: 5 v/v) and propan-l-ol-aqueous ammonia (d 0-880)—water 
(6:3: 1 v/v).™ Irrigation was by the ascending technique on Whatman No. 4 paper. 
rhree spray reagents were used; ninhydrin, chlorine-iodide-starch,” and periodate—Schiff's 
reagent." The last technique has been modified as follows: the dried paper is sprayed with 
1% aqueous sodium metaperiodate, left for 5—10 min., treated with sulphur dioxide, and 
then sprayed with Schiff’s reagent [a 1% suspension of pararosaniline hydrochloride (Hopkin and 
Williams, Ltd.) treated with sulphur dioxide until a pale straw-coloured solution results]. The 
colours are allowed to develop at room temperature. When this method is used it is not 
necessary to carry out the oxidation in a nitrogen atmosphere, even for compounds which yield 


'’ (1, Baker, Joseph, and Williams, /. Amer. Chem. Soc., 1955, 77, 1. 
'* Bertho and Aures, Annalen, 1955, §92, 54 

'* Niemann and Hays, /, Amer. Chem. Soc., 1940, 62, 2960. 

® Popenhoe, Doherty, and Link, ibid., 195: , 75, 3469. 

*' Hanes and Isherwood, Nature, 1949, 164, 1107. 

* Kydon and Smith, thid,, 1052, 169, 922 

" Buchanan, Dekker, and Long, /., 1950, 3162 
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only formaldehyde on oxidation (cf. ref. 23), The sensitivity compares very favourably with 
that of the periodate-benzidine method.™ 

2:3:4: 6-Tetra-O-acetyl-N -chloroacetyl-8--glucopyranosylamine.-2 : 3: 4: 6-Tetra-O- 
acetyl-$-p-glucopyranosylamine (m. p. 125—127°) (3-0 g., 1 mol.) was dissolved in dry chloro- 
form (20 c.c.) and cooled to 0°. Chloroacetyl chloride (0-32 c.c.; 0-5 mol.) was added slowly 
and the mixture left at 0° overnight. Amine hydrochloride was removed by filtration and 
washed with chloroform. The combined chloroform solution was washed with water, dried 
by distillation at atmosphere pressure to 10 c.c., and diluted with light petroleum (b. p. 60— 
80°) to 40 c.c. On cooling, the crystalline product separated (m. p. 166—167-5°; 1-45 g., 
79%, based on recovery of base hydrochloride). Recrystallised from 95% ethanol (15 c.c.) 
the N-chloroacetyl compound had m. p. 166-5—-167-5°, [a|\? +4-10-8° (¢ 1-8 in CHCI,) (Found ; 
C, 45-2; H, 5-3; N, 3-3; Cl, 8-6. C,,H,,0,,NCI requires C, 45-4; H, 5-2; N, 3-3; Cl, 84%). 

2:3: 4: 6-Tetra-O-acetyl-N-(benzyloxycarbonylglycyl)-6-b-glucopyranosylamine,—(a) Acid 
chloride method. 2:3: 4: 6-Tetra-O-acetyl-§-p-glucosylamine (m. p. 125-—-127°) (11-2 g., 
1 mol.) was dissolved in dry chloroform (60 c.c.) and cooled to 0°. Benzgyloxycarbonylglycyl 
chloride (12-5 y., 1-75 mol.) was added, the mixture kept at 0° for 15 min., pyridine (14 c.c., 
5 mols.) added, and the mixture left at 0° for 1 hr. The chloroform solution was washed with 
2n-hydrochloric acid, water, saturated sodium hydrogen carbonate solution, and water, then 
dried (Na,SO,), filtered and evaporated to a yellowish oil. Crystallisation from ethanol gave 
6-5 g., m. p. 123—125°, the mother-liquors on concentration yielding a further 3-2 g., m. p. 
118—120°. The crystals contained ethanol of crystallisation (total yield 562%). Reerystallised 
from ethanol the benzyloxycarbonyl compound had m. p. 127-—-127-5°, (a)\? + 8-5° (c 2-0 in EtOH) 
(Found: C, 53-2; H, 62; N, 61. CygH 9 Ny, C,H OH requires C, 53-4; H, 6-2; N, 48%). 

(b) Mixed carbonic anhydride method. Ethyl chloroformate (2-4 g., 1 mol.) was added 
dropwise to a solution of benzyloxycarbonylglycine (4-62 g., 1 mol.) and triethylamine (2-25 g., 
1 mol.) in dry chloroform (30 c.c.) at —20°, The solution was allowed to reach —5° and kept 
at that temperature for 10 min., while triethylamine hydrochloride separated. A solution of 
2:3: 4: 6-tetra-O-acetyl-6-p-glucopyranosylamine (7-6 g., 1 mol.) in dry chloroform (60 c.c.) 
at —5° was added to the above mixture and kept at this temperature for 30 min. and then at 
room temperature for 2 hr. The triethylamine hydrochloride redissolved during 10 min, and 
carbon dioxide was evolved for the first 25 min. The chloroform solution was washed, dried, 
and evaporated as in (a) above, yielding from ethanol (20 c.c.) the product (4-26 g.; m., p. 
123—-125°). From the mother-liquors a further 0:57 g. was isolated (total yield 41%). 
Recrystallisation from ethanol raised the m. p. to 127-—--127-5°, undepressed when mixed with the 
product from (a). 

N - (Benzyloxycarbonylglycyl)-B-p-glucopyranosylamine.-2: 3: 4: 6-Tetra-O-acetyl-N-(benzyl- 
oxycarbonylglycy!)-$-p-glucopyranosylamine (4-0 g., 1 mol.) in dry methanol (50 c.c.) was mixed 
with a solution of sodium (0-017 g., 0-1 mol) in methanol (5 c.c.) and kept for 24 hr. at room 
temperature. Amberlite IRC-50 resin (H* form; washed with methanol, ca. 5 g.) was added 
to neutralise the alkali. The resin was filtered off and washed with methanol, and the combined 
filtrates were evaporated to 25 c.c. The crystalline product separated, on seeding, as plates, 
m. p. 178—179-5° (1-75 g.), and the mother-liquors yielded a further 0-45 g., m. p. 177-178” 
(total yield, 80%). Recrystallisation from dry methanol gave plates, m. p, 178—180°, [a] 
9-0" (¢ 1-9 in EtOH) (Found: C, 51-56; H, 6-2; N, 7-8. C,,H,O,N, requires C, 51-9; H, 6-0; 
N, 7:6%). 

N-Glycyl-8-p-glucopyranosylamine Hydrogen Oxalate.—(a) From the chloroacetyl compound, 
2:3: 4: 6-Tetra-O-acetyl-N-chloroacetyl-6-p-glucopyranosylamine (2:1 g.) was dissolved in 
methanol (30 c.c.; saturated with ammonia at 0°) and kept at room temperature for 75 hr. 
The methanol and ammonia were removed by distillation and the resulting syrup was extracted 
thrice with hot benzene to remove acetamide. The syrup was dissolved in water (5 c.c,) and 
passed slowly (0-5 c.c. per min.) through a column of Amberlite [R-4B resin (OH~ form; 1 cm, 
x 5 cm.), followed by water until the effluent had a negative Molisch reaction. The combined 
effluent was concentrated to a syrup which was dissolved in water (5 c.c.) and passed through a 
column of Amberlite IRC-50 (H* form; lem. x 5cm.). Washing with water was continued 
until the Molisch reaction was negative, and the combined effluent was recycled through the 
IR-4B and the IRC-50 column until the effluent was neutral. A solution of oxalic acid (1-5 g. 
of dihydrate) in water (30-40 c.c.) was then passed through the Amberlite IRC-50 column 
until the effluent gave no Molisch test. The effluent was concentrated to 5 c.c, and ethanol 


™ Cifonelli and Smith, Analyt. Chem., 1954, 26, 1132. 
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(20-—-30 c.c,) added, Crystals were formed. They were dissolved by heat and then the solution 
was treated with charcoal and filtered. On cooling, the crystalline oxalate (750 mg.) separated 
and was filtered off, washed with ethanol, and dried. It had m. p. 195—-197° (decomp.) (Found 
N, &1. CygHygOyNyH,O requires N, 81%). The oxalate consumed 2-02 mol. of sodium 
metaperiodate in 42 hr, (no further uptake after 70 br.). 

(b) From the benzyloxycarbonyl compound. N-Benzyloxycarbonylglycyl-6-p-glucopyranosy! 
amine (0-76 g., 1 mol.) was hydrogenolysed in water (10 c.c.) and ethanol (45 c.c.) with palladium 
(10%) as catalyst. The carbon dioxide evolved was absorbed by a concentrated sodium 
hydroxide solution in a suitably protected side-arm. Hydrogen uptake was complete (95%) 
in 4 hr. The solution was filtered from the catalyst, which was washed with aqueous alcohol. 
A solution of oxalic acid in ethanol was added and the precipitated product collected, After 
recrystallisation from ethanol-water it (0-31 g., 45%) had m. p. 196-——-196-5°, {a}!* 11-1° 
(c 20 in H,O), The m, p. was undepressed in admixture with a sample from (a) above 
The behaviour on paper chromatography was also identical (Found: C, 343; H, 61. 
Cyoll gO yo, H,O requires C, 34-9; H, 58%). In later preparations the yield was increased by 
using an ion-exchange column as in (a) above. 

N-Glycyl-6-p-glucosylamine Picrate.—The procedure was the same as for the oxalate [route 
(a)}, but the final elution from the Amberlite IRC-50 column was effected with picric acid. 
The picrate, crystallised from ethanol, had m. p. 189-—-195° (decomp.) (700 mg. from 3 g. of tetra 
O-acetyl-$-p-glucopyranosylamine), but 205--207° (decomp.) after recrystallisation from 
aqueous ethanol (Found: C, 35-2; H, 46; N, 14-8. C,,H,yO,,N,,H,O requires C, 35-5; 
H, 4-5; N, 148%) 

Paper chromatography of oxalate and picrate. These gave one spot with the ninhydrin, 
periodate-Schiff, and chlorine-iodide—starch reagents in both solvent systems, For Ry, values, 
see Table 

Ry values. 
BuOH-— PrOH 
Compound Ninhydrin 10,~/Schiff Cl,KI AcOH NH, 


N-Glycyl|-f-p-glucosylamine ; + (Yellow) } { 0-13 0-51 
B-p-Gluco oo ‘ 0-52 O75 


N-(Formylglycys sentadne 0-20 0-56 


N-(Benzyloxycarbonylglycyl)-f-p-glucosylamine { 0-63 0-90 
vs + (Purple) ' O18 0-51 
0-21 0-59 


Glye ine 
Glucose 

* A red spot was sometimes formed, ‘This effect has been noted with certain basic compounds,” 
and is quite distinct from the normal purple spot 


Acid hydrolysis. Small portions of the oxalate were treated separately with 0-12N-hydro 
chloric acid and 1-2n-hydrochloric acid, Paper chromatography showed that 0-12N-acid had 
caused no hydrolysis in 4 hr. With 1-2n-acid, however, hydrolysis to glycine and glucose had 
occurred (ca, 50% after lhr.; ca, 80-90%, after 4 hr.). 

N-(Formylglycyl)-6-p-glucopyranosylamine,—-N-Glycyl-$-p-glucopyranosylamine hydrogen 
oxalate monohydrate (200 mg.) was dissolved in 98% formic acid (5 c.c.), and a mixture of 
98%, formic acid (15 c.c.) and acetic anhydride (5 c.c.) was added at 30-—-40°. The whole was 
kept at 30—40° for 1 hr, and then left overnight at 0°. Evaporation left a syrup which was 
evaporated with several lots of ethanol. The residue was dissolved in methanol (20 c. 
saturated with ammonia at 0°) and left overnight at 0°. The solution was evaporated to a 
syrup which was dissolved in water and passed successively through columns of Amberlite 
IR-4B (OH~ form; lem. x 5 cm.) and Amberlite IRC-50 (H*; lem. x 5 cm.) which were 
washed as before until the final effluent was neutral. This effluent was concentrated to a 
syrup, and ethanol added to give the crystalline fgrmyl compound, m. p. 214—215° (120 mg., 
69%). Reerystallisation from aqueous methanol raised the m. p, to 215-5—216-5°, [a)* —13-7° 
(¢ 23 in H,O) (Pound; C, 41-0; H, 63; N, 10-6, C,H,O,N, requires C, 41-1; H, 61; 
N, 10:7%) 

Acid hydrolysis. A few crystals of formyl compound were dissolved in a small quantity of 
0-12N-hydrochloric acid and left at room temperature for l hr. Paper chromatography showed 
complete conversion into N-glycyl-$-p-glucopyranosylamine, For /?, values, see Table, 

4: 6-O- Bensylidene-8-0-glucopyranosyl Azide.—2: 3: 4: 6-Tetra-O-acetyl-§-p-gluco 
pyranosyl azide (1-5 g.) was treated with saturated methanolic ammonia (30 c.c.) at room 
temperature for 2 days. The syrup obtained by evaporation of the solvent was passed through 
columns of Amberlite 1R-4B (OH™~ form; 1 cm. x» 5 cm.) and Amberlite 1RC-50 (H* form; 
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lcm. x 5cm.) with aqueous washing. Removal of solvent left a syrup. Part of the syrup 
was shaken with freshly distilled benzaldehyde (5 c.c.) and powdered anhydrous zinc chloride 
(800 mg.) for 20 hr. The product was shaken with excess of saturated potassium carbonate 
solution and filtered, and the zinc carbonate washed with water, acetone, and ethanol. The 
filtrate was concentrated to a semi-solid mass, water and ethanol were added, and the evaporation 
was repeated. The residue was extracted with hot ethanol. Crystals of potassium benzoate 
separated on cooling. These were removed by filtration, the filtrate was evaporated to dryness, 
and the residue on treatment with water gave the benzylidene compound as needles, m. p. 150 
151° (decomp.). Recrystallisation from ethyl acetate-light petroleum (b. p. 60-—-80°) raised 
the m. p. to 153—154°, (a)\" —65-7° (c 0-5 in EtOH) (Found: C, 53-0; H, 5-2; N, 13-9 
C43H,,O,N, requires C, 53-2; H, 5-2; N, 143%) 

Acid hydrolysis. A few crystals were treated with 0-1N-hydrochloric acid in 50% aqueous 
ethanol for 24 hr. Paper chromatography showed their conversion into §-p-glucopyranosy! 
azide together with a trace of glucose. 
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552. The Oxidation of Monohydric Phenols by Alkaline 
Ferricyanide. 
By C. G. Haynes, A. H. Turner, and WILLIAM A. WATERS. 


The initial stage of oxidation of phenols by alkaline ferricyanide appears 
to be a reversible reaction between the phenol anion and the ferricyanide 
ion, giving ferrocyanide and a mesomeric aryloxy-radical. Irreversible 
reactions then follow, giving mixtures of dimeric and polymeric products, 
Though the rate of oxidation is dependent upon the alkalinity of the solution 
and on the [Ferricyanide]/{Ferrocyanide} ratio, Fieser’s theory! con- 
cerning a “ critical oxidation potential ’’ for attack on a phenol gives far 
too simple an interpretation of the reactions involved, 

New dimeric products, both of ketonic and of diphenolic type, have been 
obtained from a number of mono- and di-substituted phenols, and 
a-(4-hydroxy-3 : 5-dimethylphenyl)benzyl alcohol has been obtained from 
4-benzyl-2 : 6-dimethylphenol. 


On oxidation of monohydric phenols by alkaline ferricyanide Pummerer and his colleagues # 
obtained complex mixtures from which they isolated crystalline products having formula 
which indicated that they were mainly dimers and trimers of the corresponding aryloxy- 
radicals. Qualitatively similar, but not always identical, products can be obtained by 
anodic oxidation of phenols and by many other oxidations with reagents which abstract 
hydrogen atoms or single electrons,4 though other reactions, notably substitutions ortho 
to existing hydroxyl groups, may result from what are apparently but slight variations 
of the reaction conditions. These variations may be due to changes in the relative concen- 
trations of the different radicals present in the oxidising systems,* but could in many cases 
be ascribed to the intervention of heterolytic oxidation processes. Indeed, even the 
dimeric products isolated by Pummerer could be represented as arising from condensations 
between phenol molecules and mesomeric aryloxy-cations. 

In order to discriminate more clearly between phenol oxidations involving 1-electron- 
and 2-electron-removal processes we have attempted a systematic study of the mechanism 

1 Fieser, |. Amer. Chem. Soc., 1930, 52, 4915, 5204 

* Pummerer et al., Ber., 1014, 47, 1472, 2057; 1019, 62, 1302; 1922, 56, 3116; 1925, 68, 1808; 


Chem. Ber., 1953, 86, 412 
* For bibliography, see Cosgrove and Waters, /., 1951, 1726 
* (a) Cosgrove and Waters, /., 1951, 388; Wecsley and Schinzel, Monatsh., 1963, 84,425; (b) Moore 


and Waters, /., 1954, 243 
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of phenol oxidation with potassium ferricyanide, since this reagent simply acts as a 1- 
electron-abstracter so that its primary reaction should give aryloxy-radicals only. 
However, the reaction is not quantitative and gives so complex a mixture that our 
attempts to elucidate its full reaction mechanism have not been completely successful. 


Oxidations of a number of monohydric phenols have been studied. First, we re-inves- 
tigated, more precisely than Pummerer, the oxidation of p-cresol from which had been 
isolated by vacuum-distillation a ketonic dimer (C,H,O), [recently shown by Barton, 
Deflorin, and Edwards ® to have structure (I)), the diphenol (II; K = Me), and the 
corresponding trimer (III; R = Me), It was found that under varied conditions the 
oxidation always requires the consumption of more than one equivalent of ferricyanide 
and that only part of the product could be separated into phenolic and ketonic fractions 
by extraction successively with cold alkali and Girard’s reagent Pp; from 40% to 50% of 
it is comprised of a chemically intractable resin that evidently suffers some thermal 
decomposition at temperatures but little over 150°, so that it was conceivable that some 
of the crystalline products of previous workers might have been produced by the thermal 
cracking of more complex initial substances and might not really be direct oxidation 
products. However, we have confirmed for a number of phenols that products of types 
(1) and (11) can both be isolated by procedures in which secondary thermal decompositions 
cannot have occurred. 

The annexed Table shows that the complexity of the oxidation of p-cresol increases 
with the alkalinity of the medium, but that the yield of Pummerer’s ketone (1) is constant 
enough to indicate that the initial reaction may be giving (I) and (11) in constant proportions 
and that thereafter oxidation of the polyphenols may occur preferentially. On the basis 
of this general evidence we have considered it rational to attempt to interpret the kinetics 
of the initial stages of this oxidation on the basis of reactions leading to the formation of 
aryloxy-dimers (see pp. 2825—2828). 


Products of ferricyanide oxidation of p-cresol. 


Products isolated (%) 

“A ——) 

Alkali-insoluble 

“~ ———__— 

K,Fe(CN),  p-Cresol Higher i Ketone (1) 7 

consumed recovered phenols Pe Awmewam, NOn-ketonic 

Medium (equiv.) (%) Total %, of cresol reacted polymer 
Na,CO, son 1-00 y 3] 19 
Na,CO, 1-24 ° 27 21 
ONT ER 1-278 34 23 
NaOH ... ae 1-00 4 d 18 
NaOH ; , 100° 9 23 
NaOH ss 2-00 0 Small 


* 1-5 equiv, of K,Fe(CN), taken. Benzene added to remove ketone (I) as formed. 


The phenolic oxidation product from p-cresol was a brown resin that could not be 
separated into crystalline components by crystallisation or chromatography through 
acid-washed alumina or silica gel. Distillation at 0-1 mm. caused evident decomposition 
and it has been only in this way that previous workers **.® have succeeded in isolating 
small yields of 2: 2’-dihydroxy-5 : 5’-dimethyldiphenyl (II; R = Me) from this oxidation. 
lreatment of the alkali-insoluble material with Girard’s reagent Pp yielded Pummerer’s 
ketone (1; R = Me) as the only ketonic product. The bulk of the alkali-insoluble material 


* Barton, Deflorin, and Edwards, Chem. and Ind., 1955, 1039; /., 1956, 530. 
* Westerfield and Lowe, /. Biol. Chem., 1942, 145, 463 
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was a yellow resin which gave infrared absorption bands indicative only of ether linkages 
and of 1:4- and 1:2; 4-substituted aromatic nuclei. Distillation at 0-1 mm. caused 
obvious decomposition whilst treatment with hydrogen bromide in hot acetic acid or with 
sodium in liquid ammonia yielded a polymeric phenol but no free p-cresol, so that the 
resin evidently contains aromatic nuclei jcined through carbon. 

The oxidation of p-ethylphenol yielded 4% of a phenolic trimer (III; R = Et), 
presumably similar to the product obtained from p-cresol by Westerfield and Lowe,* and 
9%, of a dimeric ketone (1; R = Et) having an infrared spectrum closely similar to that 
of Pummerer’s ketone (I; R = Me). -Propylphenol gave 6%, of the phenolic dimer 
(Il; R = Pr) and 13% of the ketone (1; R = Pr), and 2: 4-dimethylphenol gave 50%, 
of the phenolic dimer and only 1-5% of the ketonic dimer. A ketonic dimer has also been 
obtained from 3:4-dimethylpbenol but only polymer was obtained from 4-hydroxy- 
diphenyl. In sodium hydroxide or sodium carbonate solutions 4-methylguaiacol (OH = 1) 
gave only polymer, but in a sodium acetate buffer it yielded over 50°, of the phenolic 
dimer, 3 : 3’-dimethoxy-5 : 5’-dimethyl-2 : 2’-dihydroxydiphenyl, and a negligible amount 
of ketone. In the same medium p-methoxyphenol gave 14% of 2 : 2’-dihydroxy-5 ; 5’- 
dimethoxydiphenyl (II; R = OMe). 

2 : 6-Dimethylphenol, in alcoholic sodium hydroxide or sodium carbonate, gave 45-—— 
5O% of 3:3’: 5: 5'-tetramethyl-4: 4’-diphenoquinone, the oxidation product of the 
4-4’-coupled phenolic dimer, but the other half of the oxidised material was a yellow, 
alkali-insoluble, non-ketonic polymer. In contrast, 2:6-dimethoxyphenol gave 
3:3’: 5: 5'-tetramethoxy-4 : 4’-diphenoquinone almost quantitatively. A mixture of 
these two phenols gave a mixture of the two diphenoquinones mentioned above but not 
a cross-linked dimer. This failure to link two dissimilar radicals may be due to the fact 
that 2 : 6-dimethoxyphenol oxidises very much more rapidly than 2 ; 6-dimethylphenol. 

4-Benzyl-2 : 6-dimethylphenol, when oxidised in sodium carbonate solution, gave 
a yellow product from which a 9% yield of a-(4-hydroxy-3 ; 5-dimethylphenyl)benzyl 
alcohol (IV) was separated. The same alcohol was made, for comparison, by reducing 
4-benzoyl-2 : 6-dimethylphenol with lithium aluminium hydride, This oxidation of a 
2:4: 6-trisubstituted phenol at the a-position in the side-chain is obviously similar in 
character to those which can be effected by the free radicals present in autoxidising cumene,? 
and it may be noted that the only free aryloxy-radicals known ® are those derived from 
2:4: 6-trisubstituted phenols in which this «oxidation cannot occur. The possibility 
of side-chain oxidation of phenols by alkaline ferricyanide adds a further complication, 
hitherto not envisaged, to the interpretation of the mechanism of the oxidation but its 
implications in connection with oxidations by free radicals have already been indicated by 
one of us.™ 7 

Some information concerning the mechanism of oxidation of phenols by potassium 
ferricyanide can be obtained by kinetic studies, for it is possible to estimate ferricyanide 
potentiometrically, and, less accurately, by titration in the presence of zine acetate.® 
Both procedures have been employed by us. 

The first approach in this way was that of Conant !® who showed that for many ortho- and 
para-substituted diphenols and diamines there was a qualitative connection between their 
rates of oxidation and the redox potential of the chosen oxidant. He therefore suggested 
that these oxidations were primarily controlled by an initial reversible clectron-transfer. 
Fieser ' who developed this theory found that for many monohydric phenols tere appeared 
to be a linear relation between the percentage of oxidation in a given time and the initial 
redox potential of the oxidant. So, by extrapolation, he computed “ critical oxidation 
potentials "’ at which no oxidation was discernible in 5 minutes, and for substituted 
phenols he correlated these potentials with the structural effects of substituent groups. 

? Hey and Waters, J., 1955, 2753. 

* Goldschmidt and Schmidt, Ber., 1922, 66, 3197; Pummerer, Schmidutz, and Seifert, Chem. Ber, 
1952, 85, 535; Cook and Woodworth, J. Amer, Chem. Soc., 1953, 75, 6242; Miller and Ley, Chem. Her, 
1954, 87, 922; Miller, Ley, and Kiedaish, tbid., p. 1605. 

* Speakman and Waters, J., 1956, 40; Conant, Aston, and Tongberg, J. Amer. Chem, Soc., 1930, 


52, 407 
” Conant, Chem. Rev., 1926, 3,1; Conant and Pratt, /. Amer. Chem. Soc., 1926, 48, 3178, 3220 
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The way in which the oxidation of a phenol can be virtually stopped by lowering the redox 
potential of the oxidising reagent by as little as 0-05 v below a critical value is one of the 
outstanding features of phenol oxidation in aqueous solution and appears to be character- 
istic of the behaviour of the organic compound and not of the chosen oxidising agent. 

Vieser’s interpretation of the ferricyanide oxidation of a monohydric phenol was that 
the fast reactions (1) were followed by an unspecified, slow, irreversible, first-order reaction 
of the aryloxy-radical : 


(ArO: )- 4 {F'e(CN),}*~ <a ArO- rene... . a) 
hy 


hy 
ArO»—-» Products . . . .. . . (2) 
from which it should follow that 
= if i Reorri 
-d{Ferri)/dt = —d[ArO-J/ds = Be , 4s*e (Phenol) [OH [Ferri] 
Ky hy {Ferro} 
(where K, is the acid dissociation constant of the phenol, and K,, is the ionic product of 
water), though if reaction (2) involves interaction between aryloxy-radicals and phenol 
molecules the reaction could become one of second order with respect to the phenol or 
phenol anion. However, equation (A) indicates that so long as reaction (2) has a finite 
velocity there should not be any clearly marked “‘ critical oxidation potential” below 
which reaction ceases. 
If, as suggested by Pummerer ef al.,* the primary reaction products are formed by 
radical dimerisations : 


eee i 


hy 
2ArO-—-m» Dimers. . . . «. « « « « (8) 


and if this is the rate-determining process, then the reaction should be of second order with 

respect to phenol, alkali, and ferricyanide, and inversely of second order with respect to 

ferrocyanide. This mechanism too should exhibit no abrupt “ critical oxidation potential,” 

but its rate should respond more sharply to changes of the [Ferricyanide}/{Ferrocyanide | ratio. 

However, radical-combination processes (3) are usually fast and if the velocity constants 

hy, ky, &g are comparable in magnitude then application of the steady-state relationship, 
d{ArO)}/dt «= 0, to equations (1) and (3) leads to the complex expression : 


d{ Ferri} /dé d{ArO~}/dé = 
hg*{ Ferro |* 4k,k,{Ferri|{ArO~}\# 
k,(Ferri)[ArO-] — 4-,—. {(1 + — + — >. J 
a I 2k, k,*{Ferro}* (B) 
in which the reaction order with respect to each component is complex, and in particular 
that with respect to the phenol becomes very low at low phenol concentrations, 

Since, except for the one instance of the 4-benzyl-2 ; 6-dimethylphenol, the oxidation 
products appear to have aromatic nuclei coupled together only in ortho- or para-positions 
to original hydroxyl groups still another mechanism must be considered, viz., that the 
coupling process is not homolytic, but rather a cationoid substitution of a phenol molecule 
by a mesomeric aryloxy-cation formed by a second stage oxidation reaction (4). 


ArO + {Fe(CN),}*- —p (ArO)* + {Fe(CN),}" 2... (4) 


Fast 
ArO* +. ArO~ — Diaryls or aryl ethers 
For reactions (1) and (4) the steady-state condition, where d{/ArO:}/dé and d{ArO*}/dé 
are zero, leads to the expression : 
-d{ Ferri} d{ArO~) 2k, kg{ Ferri}*[ArO (C) 
dt dt -h,{ Ferri} + 2,{ Ferro) 62 aie e , 
which is throughout of first order with respect to aryloxy-ion, and not greatly dependent 
upon ferrocyanide concentration unless ’, is much greater than g. 
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In his studies of phenol oxidation Fieser did not examine the effect of changing the 
phenol concentration or the absolute concentration of the ferricyanide. This we have 
done in rate measurements with p-cresol, 2: 6-dimethylphenol, and 4-methylguaiacol, 
typical data from which are shown on the accompanying graphs. Our results show that 
when oxidations of phenols by ferricyanide do occur they tenu to start off so rapidly that 
it is difficult to get reliable values for initial reaction velociiies whereby reaction orders 
might be determined. Though investigations of reaction products (p. 2822) indicate that 
consecutive oxidations of dimers must soon intervene the following broad conclusions can 


l'1G. 1. Oxidation of p-cresol at 16°; effect of ferrocyanid 
Each solution contained | equiv. of 0-lm-p-cresol, 5 equt 
of O-1mM-potassium ferricyanide, and 40 equivs, of Or2m bor 
acid sodium hydroxide buffer (Clark and Lubs) (pH 10 


| No addition of ferrocyanide 
B,C, D, BE: 10, 2-5, 5-0, and 10-0 equius. of O-Im-potassium 
ferrocyanide 


i. | ee 4 4 
10 1 20 2 JO 
Time (min ) 


° 
& 


2 Oxidation of 4-methylguaiacol at 25° 

effect of ferrocyanide. Each solution con 
tained, in 850 ¢.c., 0-1 mol. of sodium acetate, 
00025 mol. of potassium ferricyanide, and 
00005 mol. of 4-methylguatacol 


Addition of (A) 0-025, (B) 0-015, and (C) 0-005 
mol. of ferrocyanide 


Eguivs. of K,Fe(\CN), consumed 


i 4 4 
/0 20 JO 40 
(Time min) 


be drawn from our experiments: (a) Velocities of oxidation decrease, at all stages, with 
increase of ferrocyanide concentration, as would be expected if the primary oxidation was 
the reversible one-electron transfer (1) (see Figs. 1 and 2). (b) The velocity of oxidation 
increases with alkalinity in such a way as to indicate that the oxidisable organic substances 
are aryloxy-anions and not phenol molecules (see Experimental section). (¢) The reaction 
order with respect tothe phenol is too complex for either the initial oxidation of the 
aryloxy-anion (the forward reaction 1) or the subsequent reactions of the aryloxy-radicals 
(reactions 2, 3, or 4) alone to be rate-determining (see Figs. 3 and 4). Thus the simple 
kinetic expressions (A) and (C) cannot be valid, though expression (4) cannot be eliminated. 
(d) Though it is possible to prepare oxidant mixtures which do not detectably oxidise 
phenols though they may still contain high concentrations of oxidant, it is not valid to 
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extrapolate (reaction velocity)-concentration graphs and thereby deduce “ critical 
oxidation potentials "’ of quantitative significance (see Fig. 5). 

Since the complex features of phenol oxidation, such as the polymer formation, do not 
occur in the ferricyanide reaction alone, but have often been encountered elsewhere,’ ¢.z., 
in anodic oxidations, we suggest that it is the diversity of the reactivity of mesomeric 


aryloxy-radicals that in the main obscures the elucidation of the reaction mechanism. 


Fic. 4. Oxidation of p-cresol at 25° : variation 


1G.3. Oxidation of 4-methylguaiacol at 25° ; variation of initial vale with cresol concentration 
of vate with methylguaiacol concentration, Solutions Each mixture contained 5 equivs. of 0-\m- 
contained, in 850 c.c., 0-1 mol. of sodium acetate, potassium ferric yanide and 40) equivs. of 
00025 mol. of potassium ferricyanide, and 00060 O-2m-borate buffer (pH 10-0). A, 15, and 
mol. of potassium ferrocyanide, and (A) 2, (B) B, 20 equivs. of 0-1m-potassium ferrocyanide 
4, (C) 4, and (D) & * 10°4 mol. of 4-methylguaiacol were added 
r £ 
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> } ) 
° O4} dimethylphenol at 25 relation between initial 
M4 rf A oxidation rates and initial redox potentials of 
2s Os} fervicyanide—ferrocyanide mixtures. Solutions 
rs = weve similar to those used for Figs. 1 and 4 
=~ >» oO?) MWS oO Each contained | equiv. of the phenol, 5 equivs 
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, & Ov} - 40 equivs. of borate buffer. The initial poten- 
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/nitial potential (mv) 


EXPERIMENTAL 

Oxidation Products of Phenols.—(1) p-Cresol. 0©-88N-Potassium ferricyanide (0-3 mol.) was 
added dropwise during 4 hr. to a stirred solution at 0° of p-cresol (0-2 mol.) in 0-4n-sodium 
carbonate (0-4 mol,), After 3 hours’ stirring the brown product was extracted with ether, 
Titration of the solution showed that 0-255 mol. of ferricyanide had been consumed. The 
organic product was separated by using n-sodium hydroxide into alkali-soluble and -insoluble 
portions, Steam-distillation of the former removed unchanged p-cresol (6%) and left a brown 
resin, m, p. < 100° (38% of unrecovered cresol), which gave a greenish-brown colour with 
ethanolic ferric chloride and decomposed above 150° at 0-1 mm. 

The alkali-insoluble portion was separated by use of Girard’s reagent Pp into two fractions. 
One (22%) was the dihydro-oxodibenzofuran (I; R «= Me), m. p. 123--124° ([phenylhydrazone, 
m. p. 179°; 2: 4-dinitrophenylhydrazone, m. p. 216°, red prisms from acetic acid (Found : 
C, 60-7; H, 47; N, 140. C,,H,,O,N, requires C, 60-9; H, 46; N, 14-2%)]. The non- 


ketonic portion (32%) was a yellow resin, m, p. 82-—-108° (decomp.); a concentrated chloroform 
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solution of this material when poured into excess of ether gave an amorphous cream precipitate 
(9%), m. p. 210--212° (decomp.), which gave a red-brown colour with ethanolic ferric chloride 
[Found :C, 742; H, 59%; M (in camphor), 675. (C,H,O), requires C, 785; H, 50%; 
M (n = 7), 749). Its infrared spectrum showed absorption bands for C-O~C linkages and for 
1: 4- and 1; 2; 4-substituted aromatic nuclei but only very weak absorption corresponding to 
O-H or C=O groups. The ether solution on evaporation yielded a yellow resin (21%), m. p. 
110-—112° (decomp.), which gave a greenish-brown ferric chloride colour and had a similar 
infrared spectrum [Found :; C, 72-2; H, 67%; M, 332. Cale. for(C,H,O),: M (m = 3), 321)). 
Neither of these products could be purified. Distillation at 0-1 mm. of the major portions led 
to obvious decomposition above 160°, Treatment with (i) 48° hydrobromic acid in acetic 
acid, and (ii) sodium in liquid ammonia™ yielded alkali-soluble mixtures with infrared spectra 
showing strong absorption in the 3 yu region (OH groups), but crystallisation and chromatography, 
even after acetylation, failed to yield pure products, whilst steam-distillation gave no trace of 
p-cresol. 

Oxidations under other conditions are summarised in the Table (p. 2824). 

(2) p-Ethylphenol. The oxidation was carried out as above; 1:15 equivs. of ferricyanide 
were consumed, The product contained unchanged p-ethylphenol (12%), an alkali-soluble 
gum which on crystallisation from light petroleum (b. p. 60-80") yielded needles (4%) of the 
2; 2’: 2”-trihydroxy-5 : 5’ : 5”-trimethyl-m-terphenyl (lil; R = Et), m. p. 144-—-145° (Found : 
C, 794; H, 7:1%; M, in camphor, 354. C,,H,,O, requires C, 792; H, 7:2%; M, 362). 
The non-phenolic portion was separated into a ketone (9%) and a cream-coloured amorphous 
solid (74%), m. p. 110-—-120°, having an infrared spectrum very similar to that of the corre- 
sponding material from p-cresol [Found: C, 76-7; H, 70%; M, 675. (C,H,O), requires 
C, 70-3; H, 74%; M (n = 5), 605). 2: 9a-Diethyl-ba : 6: 7: 9a-tetrahydro-1-oxodibenzofuran 
(I; R Et) crystallised from aqueous methanol in plates, m. p. 605° (Found: C, 791; 
H, 7°56. CygH,,O, requires C, 79-3; H, 74%). Its 2: 4-dinitrophenylhydrazone formed red 
prisms (from ethanol), m. p. 162—163° (Found: C, 61-0; H, 5&2; N, 120. CH yO,N, 
requires C, 62-4; H, 5-2; N, 13-2%), and its semicarbazone prisms (from ethanol), m, p, 214° 
(Found: C, 68-0; H, 7-2; N, 14-1. C,,H,,O,N, requires C, 68:2; H, 70; N, 141%). The 
infrared spectrum was very similar to that of Pummerer's ketone 

Oxidation of p-ethylphenol in 0-4n-sodium hydroxide gave only an intractable solid of high 
m. p. In 0-32n-sodium carbonate solution 1-38 equivs. of ferricyanide were consumed; 11% 
of p-ethylphenol was recovered, and 9% of ketone and 76% of non-ketonic polymer was formed. 

(3) p-Propylphenol. The phenol (13-6 g., 0-1 mol.) in aqueous 0-2n-sodium hydrogen car- 
bonate (2 1.) and potassium ferricyanide (66 g., 0-2 mol.) in water (400 c.c.) were stirred for 3 hr. 
at 20—25°. The product was separated as usual. The alkali-insoluble, non-ketonic fraction 
(6 g.) was not investigated further. The ketonic fraction (1-3 g., 13% of unrecovered phenol) 
by treatment with ethanol yielded 5a: 6:7: 9a-letrahydro-1-ox0-2 : 9a-dipropyldibenzofuran 
(1; R= Pr), m. p, 69° (Found: C, 797; H, 83. C,,H,,O, requires C, 80-0; H, 82%); 
its semicarbazone, from acetone, had m. p. 207° (Found ; C, 69-4; H, 7:7; N, 129. CygH,sO,N, 
requires C, 69-7; H, 7-6; N, 12-8%); its 2: 4-dinitrophenylhydrazone, red prisms from ethanol, 
had m. p. 118—-119° (Found: C, 63-6; H, 5-8; N, 121. C,,H,.O,N, requires C, 64-0; H, 5-8; 
N, 12-4%). The infrared spectrum of the ketone resembles that of the methyl! analogue, 

The alkali-soluble fraction yielded 3-6 g. of unchanged phenol and an involatile oil (1-3 g.) 
from which elongated leaves, m. p. 139-—-140°, of 2: 2’-dihydroxy-5: 5’-dipropyldiphenyl (II; 
R =< Pr) were obtained by crystallisation from light petroleum (b. p. 80-100") (Pound : 
C, 79-8; H, 84%; M, in camphor, 256, C,,H,,O, requires C, 80-0; H, 815%; M, 270). 

(4) p-Methoxyphenol. A mixture of p-methoxyphenol (24-8 g.), 0-2n-sodium acetate 
(2 1.), and potassium ferricyanide (132 g. in 800 c.c, of water) was stirred for 3 hr. at 20-25” 
The gummy product was separated into alkali-insoluble (2-4 g.) and alkali-soluble (20 g.) 
fractions. An attempt to isolate a ketone from the former fraction failed. Vacuum-distillation 
of the latter fraction gave 11-4 g. of unchanged methoxyphenol (b, p. 130-—-140°/20 mm.) and 
a brown gum (7 g.; b. p. 180—-230°/0-025 mm.) which, after acetylation gave a white solid 
(2-4 g.) when rubbed with alcohol-ether. Crystallisation of this from ethanol yielded prisms 
of 2; 2’-diacetoxy-5 : 5’-dimethoxydiphenyl, m. p. 114° (Found: C, 66-3; H, 66. CygHyyO, 
requires C, 65-5; H, 545%), which when hydrolysed for 2 hr. at 100%, with 30%, ethanolic 
potassium hydroxide gave flat needles of 2: 2’-dihydroxy-5: 5’-dimethoxydiphenyl (11; 
R = OMe), m. p, 123-—-124° (from benzene-light petroleum) (Found: C, 686; H, 58%; 
M, 210. Cy4H,,O, requires C, 68-3; H, 6-7°/,; M, 246). 

‘t Kidd and Walker, /., 1954, 669 
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(5) 2: 4-Dimethylphenol. This was oxidised for 6 hr. in sodium acetate solution (as for no. 
4 above); 55%, was recovered, together with a ketonic dibenzofuran derivative (1-5%, of oxidised 
substance) that crystallised from aqueous ethanol in plates, m. p. 137° (Found : C, 78-9; H, 7-7 
CygH,,0, requires C, 79-3; H, 74%), having a semicarbazone, m. p. 242° (decomp.) (Found : 
©, 68-1; H, 7-4; N, 184. C,7Hy,O,N, requires C, 68-2; H, 7-0; N, 14-0%), and a 2: 4-dinitro 
phenylbydrazone, m. p. 231° (insufficient for analysis), Together with this was obtained 
2: 2’-dihydroxy-3 : 3’ : 5: 5’-tetramethyldiphenyl (50%, of oxidised material), m, p. 132—133° 
(Found: C, 789; H, 7-3. CygH,,O, requires C, 79-3; H, 74%); its diacetate formed plates, 
m, p. 106°, from aqueous ethanol (Found: C, 73-2; H, 69. Cy H,,O, requires C, 73-6; H, 
68%), 

(6) 3: 4-Dimethylphenol (with Mr. J. A. Baker). The xylenol was oxidised in sodium 
carbonate solution at room temperature (compare oxidation 1) and gave a 19% yield of a 
letrahydvotetramethyloxodibenzofuran, m, p. 156° (Found: C, 70-3; H, 7-6. CygH sO, requires 
C, 793; H, 74%), giving a 2: 4-dinitrophenylhydrazone, m, p. 219° (Found: C, 62-3; H, 5-4; 
N, 12-6, 13-3. CygHggO,N, requires C, 62-6; H, 5-2; N, 133%), and a semicarbazone, m. p 
263° (Found: C, 67-0; H, 7-1; N, 13-9. Cy,H,g,O,N, requires C, 68-2; H, 7-0; N, 14-0%) 
This ketone had an infrared spectrum very similar to that of Pummerer’s ketone and when 
boiled in alcohol with hydrobromic acid was converted into a dihydroxytetramethyldipheny|, 
m, p. 152-154? (cf. refs. 2, 5, 6) (Found: C, 79-5; H, 7-6. C,,H,,O, requires C, 79-3; H, 74%) 
Since, in this instance, the dimerisation of the aryloxy-radicals could have given products 
having a number of alternative isomeric structures a search was made chromatographically for 
other ketones isomeric with the compound of m. p. 156°, but no other pure substances could 
be isolated 

(7) 4-Methylguaiacol, A solution of potassium ferricyanide (72 g.) in water (500 c.c.) was 
added to a stirred mixture of the pheno! (15 g.) and hydrated sodium acetate (30-5 g.) in wate 
(1100 c.c.). After 3 hr, the cream-coloured solid product was extracted and distilled in steam 
to remove unchanged phenol (3-4 g.), and the remainder was crystallised from a little ether and 
then from benzene-light petroleum to give, in a total yield of 60% (calc. on the phenol consumed) 
2: 2’-dihydroxy-3 : 3’-dimethoxy-5 : 5’-dimethyldiphenyl, m. p. 128°, which gave a green ferric 
chloride colour (Found ; C, 69-8; H, 6-7. CygH,O, requires C, 70-1; H, 66%). Its diacetate had 
m, p. 162° (Found ; C, 67-3; H, 64%; M, 310. CygH,,O, requires C, 67-0; H, 61%; M, 358), 
and its dibenzoate, m, p. 181° (Found: C, 74-4; H, 5-4. CygH,,O, requires C, 74-7; H, 54%) 

(8) 2: 6-Dimethylphenol. A solution of the phenol (0-05 mol.) in ethanol (100 c.c.) was 
added dropwise during 4 hr. to a solution of potassium ferricyanide (0-15 mol.) and sodium 
hydroxide (0-1 mol.) in water (300 c.c.). After 2 hours’ stirring the orange precipitate, m. p. 
173-—-177°, was separated and dried, Extraction of this with ether left a 50%, yield of insoluble 
3:6: 3°: 6’-tetramethyl-4 : 4’-diphenoquinone, m. p, and mixed m. p. 205° (decomp.), and gave 
a more soluble yellow resin, m. p. ca. 120°, which when rubbed with methanol yielded a solid of 
m, p. 190--195° (decomp.), that could not be purified further and gave an infrared spectrum 
resembling that of the non-ketonic polymer formed from p-cresol [Found ; C, 78-8; H, 6-7% ; 
M (in camphor), 983. Cale. for (CgH,O), : C, 70-3; H, 74%; M (n &%), 968). Oxidation 
in sodium carbonate solution yielded 45%, of the tetramethyldiphenoquinone 

(9) 2: 6-Dimethoxyphenol. Approx. N-potassium ferricyanide was added to a stirred 
solution of the phenol in ethanolic sodium hydroxide under an inert atmosphere, and the mixture 
was stirred for 2 hr. The purple solid which separated in 96%, yield was almost pure 
3:5: 3’: 5° tetramethoxy-4 : 4’-diphenoquinone [steel-blue needles (from nitrobenzene), m. p 
203° (decomp.)}) which was converted by reductive acetylation into 4 ; 4-diacetoxy-3 : 3’; 5: 5’ 
tetramethoxydiphenyl, m, p. 225-226° (Liebermann ™ gives m. p. 217-225”). 

An equimolar mixture of 2: 6-dimethylphenol and 2: 6-dimethoxyphenol was oxidised 
similarly and gave an 81% yield of a rust-coloured powder that, when extracted with ethy! 
acetate gave a 54%, yield of a mixture of diphenoquinones, from which was obtained 75% of 
the tetramethoxy-compound and 15% of the tetramethyl compound. Reductive acetylation 
of the mixture of quinones gave similar proportions of the two corresponding diacetoxydi 
phenyls and again no sign of a third component. 

(10) 4-Bensyl-2 : 6-dimethylphenol."’ This (2-3 g.) in ethanol (50 c.c.) was stirred for 1 hr 
at room temperature with N-sodium carbonate (40 c.c.) and potassium ferricyanide (1-5 equiv.) 
in water (20 c.c.), The product was extracted, dried, and chromatographed through alumina 
(grade [V). Elution with chloroform—benzene (1:4) gave 0-2 g. (9%) of solid a-(4-hydroxy- 
3: 6-dimethylphenyl)benzyl alcohol which crystallised from cyclohexane in prisms, m, p, 124-125” 

'* Liebermann, Annalen, 1873, 169, 221 
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(Found: C, 78-6; H,7-1. C,sH,,O, requiresC, 78-9; H, 70%). The oxidised mixture smelt 
faintly of benzaldehyde. 

The above alcohol was also obtained by adding to a solution of 4-benzoyl-2 : 6-dimethyl- 
phenol (2-3 g.) in dry ether (150 c.c,) lithium aluminium hydride (0-2 g.) in ether (100 c.c,), and 
refluxing the mixture for 3 hr. Crystallisation of the product gave 2-0 g. of the alcohol, m. p. 
124-—-125°, identical (mixed m. p. and infrared spectrum) with that deseribed above, 

Kinetic Measurements.—These were carried out by the procedures used by Speakman and 
Waters * for studying the ferricyanide oxidation of aldehydes and ketones. Again preliminary 
tests showed the general concordance of volumetric and potentiometric measurements, though 
the former were the less reliable. The results plotted on the graphs are those obtained potentio- 
metrically. In an investigation of the effect of alkali on the oxidation rate of p-cresol at 25°, 
with 5 equivs, each of potassium ferricyanide and potassium ferrocyanide (0-IM), 1 equiv. of 
0-ImM-p-cresol, and 40 equivs, of 0-2m-borate buffer the following data were obtained by graphical 
extrapolation : 

[OH™] (LO~*m) . 1-6 3-2 63 10-0 

Initial rate (equiv./min.) 0-017 0-029 0-051 0-120 0-199 


indicating an approximately first-order dependence on alkalinity. 


One of us (C. G. H.) thanks Imperial Chemical Industries Limited, Dyestuffs Division, for 
leave to undertake this work in Oxford. 
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553. «-1:4-Glucosans, Part 1V.* A Re-examination of the 
Molecular Structure of Floridean Starch, 


By I. D. Friemine, E. L. Hirst, and D. J. MANNERs. 


The structure of Floridean starch from Dilsea edulis haa been re 
investigated. The available evidence, from periodate oxidation and enzymic 
degradation studies, shows that it resembles the amylopectin-glycogen class 
of polysaccharides, It is hydrolysed by $-amylase and does not contain 
1 : 3-glucosidic linkages (cf. Barry, Halsall, Hirst, and Jones, /,, 1949, 1468), 


THe molecular structure of Floridean starch, an iodophilic glucose polysaccharide present 
in various red algw, has been the subject of several investigations. Early studies by 
Colin e¢ al.’ showed that the glucosan was stained violet with iodine, and was dextro- 
rotatory, and Kylin * found that it was degraded by a dialysed malt extract to maltose, 
Barry, Halsall, Hirst, and Jones * examined a specimen of Floridean starch (referred to 
below as sample I) isolated from Dilsea edulis; it was a glucosan, [a]p -+-156° in H,O, 
which resisted attack by crystalline sweet-potato 6-amylase. On oxidation with potassium 
metaperiodate, one mol}. of formic acid was liberated per 18 glucose residues; the observed 
uptake was 0-6 mol. of periodate per glucose residue, suggesting that 40°, of 1 : 3-glucosidic 
linkages were present. A second sample of Floridean starch, also from Dilsea, was 
investigated by O’Colla.* This material, which was contaminated with galactan (18%), had 
a), -+-166° in H,O, gave 50% of maltose on treatment with wheat @-amylase, and on 
periodate oxidation an uptake of 0-77 mol. per glucose residue was observed : one mol. of 
formic acid was released per 12 glucose residues. The material was partially methylated 
(OMe 28-:°%,) and, on hydrolysis, 2: 3: 4: 6-tetra- (3°3%,) and 2: 3: 6-tri-O-methylglucose 


* Part III, J., 1955, 867. 


? Colin and Augier, Compt. rend., 1933, 197, 423; Colin, ibid, 1934, 190, 968 
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(42°%,) were obtained. A third sample of Fioridean starch, free from galactan, was 
subjected to periodate oxidation by Barry, McCormick, and Mitchell;*® the observed 
periodate uptake was 0-97 mol. per glucose residue, and this figure was confirmed by 
analysis of the thiosemicarbazide and isoniazid derivatives of the periodate-oxidised 
Floridean starch. Further, an acid hydrolysate of the latter did not contain glucose 
(cf. Hirst, Jones, and Roudier *). This sample could not, therefore, contain an appreciable 
proportion of 1 : 3-glucosidic linkages. 

The present communication is concerned with a re-investigation of sample I, and the 
results of a preliminary examination of two further samples of Floridean starch, which has 
been carried out in an attempt to resolve the discrepancies in the above investigations. 

Paper chromatography of an acid hydrolysate of sample I showed the presence of 
glucose and a barely detectable trace of galactose. The latter is not significant since the 
traces of contaminating galactan can be removed on further purification. The poly- 
saccharide failed to react with the acid resorcinol (ketose) reagent, or with the naphtha- 
resorcinol! (uronic acid) reagent. By cuprimetric titration, the reducing sugar content 
was 93°/,; the remaining constituents are inorganic material and protein, which have no 
structural significance. In the following section, analytical figures have been corrected for 
the presence of 7%, of non-carbohydrate material in the sample; the small destruction of 
glucose (ca. 1—2%,) during acid hydrolysis has been neglected. 

An aqueous solution of sample I had [a], +-163° (corr. as pure glucosan, 4+-176°), and 
was stained reddish-brown with iodine; the iodine complex gave an absorption spectrum 
with a maximum at 500 my, On incubation with salivary «amylase, a rapid decrease in 
iodine-staining power was observed. The apparent percentage conversion into maltose 
(R,,) after enzyme action had ceased was 65, the main end-product being a reducing sugar 
with the same paper chromatographic mobility as maltose. Under identical conditions, 
the R,, values for waxy maize starch and rabbit-liver glycogen were 88 and 70 respectively. 
A solution of crystalline sweet-potato $-amylase rapidly degraded sample I, giving 46°/, 
conversion into maltose, whilst an amorphous preparation of 6-amylase gave an R» value 
of 44—45",. The latter ¢-amylase, from soya beans, contained the Z-factor 7 (a mixture 
of a group-specific §-glucosidase, an endo-{-1 : 4-glucosanase, and an endo-(-1 : 3-gluco- 
sanase *), The barriers to §-amylase in sample I are hydrolysed by yeast isoamylase * 
(which hydrolyses the «-1 : 6-glucosidic interchain linkages in glycogen and amylopectin), 
since after incubation with isoamylase, a 9°, increase in 6-amylolysis limit was observed. 
Sample I is also degraded by potato phosphorylase ; in the presence of inorganic phosphate, 
35°%, of the polysaccharide was degraded, yielding glucose 1-phosphate. Oxidation of 
sample | by sodium metaperiodate at 1° resulted in the consumption of 1-05 mol. of 
periodate per glucose residue; under similar conditions, waxy maize starch consumed the 
normal amount of periodate (1-04 mol. per glucose residue). Determination of the 
maximum amount of formic acid liberated by potassium metaperiodate indicated an 
average chain length of nine glucose residues, 

The above properties suggest, in general, that sample | belongs to the amylopectin— 
glycogen class of polysaccharides (see Table). Thus, enzymic degradation shows that the 
main repeating linkage is of the a-1 ; 4-glucosidic type, and that the molecule is branched ; 
further, the branch points are not adjacent to the non-reducing terminal groups. Since 
the iodine complex showed little absorption at 620 mu, the presence of a linear amylose-type 
component in the sample is excluded. The extent of periodate oxidation indicates the 
absence of any appreciable proportion of | : 3-glucosidic linkages; it now seems probable 
that the earlier ** periodate uptake values of 0-6 and 0-77 mol. per anhydroglucose unit 
resulted from incomplete oxidation of the Floridean starch. In the earlier experiments, an 
oxidation period (with potassium metaperiodate) of only 8 days was used, whereas it has 
been found that at least 12 days are required for the complete oxidation of normal glycogens 


Barry, McCormick, and Mitchell, /., 1954, 3692, 
* Hirst, Jones, and Roudier, /., 1948, 1779. 
Peat, Thomas, and Whelan, /., 1952, 722. 
* Manners, Biochem. ]., 1955, 61, xiii. 
* Manners and Khin Maung, Chem, and Ind., 1955, 950. 
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and starches. #1 Under such conditions, the production of formic acid follows the 
periodate uptake.“ The increased yield of formic acid, and hence the decrease in average 
chain length reported in the present study, is in accord with this view. 

The specific rotation (+176°) of sample I, which is slightly lower than that of 
glycogens !* (184° to 201°), is an unusual property, for which no explanation is yet available. 
The presence of $-glucosidic linkages has been considered ; however, since 6-glucosidases 
have no effect on the #-amylolysis limit, the barriers to $-amylase action cannot be 
8-glucosidic linkages. The possibility that sample I is contaminated with a small 
proportion of a @-glucosan, or contains a small number of §-glucosidic linkages in the 
interior parts of the molecule, is being investigated. 

A preliminary investigation of two additional samples of Floridean starch has been 
carried out. Sample I] was kindly provided by Dr. V. C. Barry, and sample II] 
by Dr. A. G. Ross. Both contained small amounts of a contaminating galactan, and the 
analytical data are therefore recorded only in terms of the weights of material analysed. 
The presence of this galactan does not affect the mode of action of the several enzymes 
used in this study and, hence, the general conclusions drawn from their use. 

Floridean starches II and III, which did not react with the resorcinol reagent, formed 
iodine complexes with absorption spectra showing a single maximum at 525 my. The 
samples were rapidly attacked by the following enzymes: (a) salivary «amylase (Ry 
ca. 57); (b) crystalline sweet-potato 6-amylase, yielding ca. 33°/, of maltose; (c) amorphous 
soya-bean $-amylase, giving ca. 37%, of maltose; and (d) potato phosphorylase, with a 27% 
conversion into glucose l-phosphate. These observations, which represent mean values 
for samples II and III, show the presence of branched chains of «-1 ; 4-linked glucose 
residues in the molecules. The barriers to 6-amylase in sample Il appear to be similar to 
those in glycogen; after incubation with yeast isoamylase, the $-amylolysis limit was 
increased to 57%, There is no evidence for the presence of (-glucosidic linkages in the 
outer chains * of the Floridean starches; emulsin has no action on these samples, After 
oxidation of the samples with sodium metaperiodate, the observed uptakes were 0-96 and 
0-86 mol. of periodate per anhydrohexose unit, whilst the formic acid liberation during 
potassium metaperiodate oxidation corresponded to average chain lengths of 12 and 
13 glucose residues respectively. If a correction is applied for the contaminating galactan, 
the chain length values would be even smaller. 

The three samples of Floridean starch appear to have similar molecular structures ; 
they are branched a-1 : 4-glucosans, are partially hydrolysed by $-amylase, and do not 
contain appreciable proportions of 1 : 3-glucosidic linkages. In these properties, they 
resemble the glucosans which have been isolated ™ from other alga, ¢e.g., Odonthalia and 
Ulva expansa. 


Comparison of the properties of glycogen, Floridean starch, and amylopectin, 


Floridean 


Property Glycogen '* starch Amylopectin '* 
Retin Bis SED. ocd scicotcccvedévdvccagasvevatacnivonssiaeeares 196 +176 + 212° 
BOGS CORUM ARIOE  .ccisicisvsccevccdvintb ct Weriteddecodévnds Reddisi Deep reddish Purple 
brown brown 
Amax. (Mp) Of absorption spectrum of iodine complex 160) 500 540 
BAIN PIENUE TNE © po cccceccuniexasentansiesendovesesieess 45 46 iA 
Potato-phosphorolysis litmit © .....ccccseeeeecesrereres , 3h 41 
e-Amylolysis Nimit ® ...0cscrccesessosevdvevsoreseseesescese 0 65 ay 
Periodate uptake (mols. per anhydroglucose unit)... 1-08 10d 1-04 
Average chain length (glucose residues) .........+.. 12 Hf) 20 


Percentage conversion into maltose. * Percentage conversion into glucose 1-phosphate 


* I.¢., those parts of a chain between the branch point and the non-reducing terminal group 


‘© Bell and Manners, /., 1952, 3641. 

'' Anderson, Greenwood, and Hirst, J., 1955, 225 

'* Manners and Ryley, Biochem, J., 19556, 69, 369; Manners, Adv. Carbohydrate Chem., in preparation 
'® Meeuse and Kreger, Biochem. Biophys. Acta, 1954, 18, 593 
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I. XPERIMENTAL 

Analytical Methods,—-(a) Reducing-sugay determination. Somogyi’s improved method 
was used, 

(b) Nitrogen. Total nitrogen was determined by Johnson's method,” the reagents being 
calibrated by use of a mixture of soluble starch and lysozyme. 

(c) lodine absorption spectra. Polysaccharide (2-6 mg.) and iodine solution (0-2% of iodine 
in 2% aqueous potassium iodide; 2-5 ml.) in a total volume of 25 ml, were mixed. The 
absorption spectrum in the range 400-700 my was then determined using a Unicam SP. 600 
Spectrophotometer (1 cm. cells; iodine-water blank), 

The other methods used were those described in Part III of this series. 

Ensymic Reactions.—Except as stated, the enzyme preparations have been described in 
Part [IJ and earlier papers.%}? Enzymic reactions were carried out at 35° (with the exception 
of the digests containing isoamylase), in the presence of toluene. Acetate buffer pH 4-6 and 
phosphate-citrate buffer pH 7-0 were used for §- and a-amylolysis, respectively. 

Properties of the Floridean Starches,—(a) Sample I, Uydrolysis with 1-5n-sulphuric acid at 
100° for 2 hr. gave glucose and a trace of galactose (paper chromatography). By quantitative 
acid hydrolysis, sample I had a reducing sugar content of 92-7%. No reaction was observed 
with the acid resorcinol or naphtharesorcinol reagent; ketoses and uronic acids were therefore 
absent. Sample I had [aji? + 163° (c 1-30 in H,O) (Found: N, 0-92%, equiv. to 5-7% of 
protein). Corrected for the presence of this protein and 0-8% of ash, the glucosan has 
(a|) +176°. Sample I had a very slight reducing power towards the Somogyi reagent, 
equivalent to D.P. 67; no evidence of molecular size can be deduced from this figure. An 
aqueous solution of sample I showed no appreciable opalescence; the molecular weight is 
therefore much lower than that of glycogen (~10*), 

(b) Samples II and III, Qualitative acid hydrolysis showed the presence of glucose and a 
small proportion of galactose, The samples did not react with the acid resorcinol reagent, and 
the reducing-sugar contents by cuprimetric titration, as glucose, were 87-9 and 841% respec 
tively. Aqueous solutions of the starches were unsuitable for polarimetric observation. 
Sample II had an apparent D.P. of 86 (Somogyi reagent) (Found: N, 034%). Sample III was 
also analysed (ound: N, 0-53%). 

Degradation by Salivary a-Amylase.--Enzymic digests were set up containing Floridean 
starch (ca. 20 mg.), buffer (1 ml.), water (24 ml.), and maltase-free salivary «-amylase solution 
(5 ml.). Aliquot portions (3 ml.) were analysed, at intervals, for reducing sugar (as maltose). 
After 48 hours’ incubation, the apparent percentage conversions into maltose (f,,) were: 
sample |, 65; IJ, 56; I11, 58, In similar experiments with rabbit-liver glycogen (20-7 mg.) and 
waxy maize starch (25-6 mg.) the 2, values were 70 and 88 respectively. 

Qualitatively, salivary «-amylase-Floridean starch digests become achroic within a few 
minutes. Paper chromatography of these digests showed the presence of maltose (intense 
spot) together with smaller amounts of glucose (/?,, 1-0) and a series of higher saccharides of low 
chromatographic mobility (2, < 0-17). 

Action of Crystalline Sweet-potato j-Amylase on Floridean Starches.—Sample I (15-5 mg., 

14-4 mg. of glucosan) was incubated with buffer (4 ml.), water (20 ml.), and 6-amylase solution 
(1 ml.). Samples were analysed, at intervals, for maltose, After 22 and 48 hr., 46% conversion 
into maltose was obtained. 

Sample Il (45-0 mg.) was added to buffer (10 ml.), water (38 ml.), and §-amylase solution 
(2 ml). The percentage conversion into maltose was 38 and 37 respectively, after 24 and 
4% hr. A portion (7 ml.) of the digest was added to a solution of sample IT (16-7 mg.; 3 ml.) and 
incubated for a further 48 hr, At this time, 37% of the newly added sample II had 
been hydrolysed to maltose. A second portion (7 ml) of the main digest was added to a 
solution of sample III (23-1 mg.; 3ml.). After incubation for a further 48 hr., 28% conversion 
into maltose was observed. 

It follows, therefore, that all three samples of Floridean starch are susceptible to hydrolysis 
by crystalline sweet-potato §-amylase. 

Action of Amorphous Preparation of 8-Amylase on Floridean Starches.-A solution of 
f-amylase was prepared by dissolving soya-bean $-amylase (50 mg.) in 0-2m-acetate buffer 
(pH 4:6; 20 ml), and removing insoluble material by centrifugation; the supernatant liquid 
had an activity * of 196 units/ml. Enzyme digests containing Floridean starch (ca. 20 mg.), 


'* Somogyi, J. Biol. Chem., 1952, 196, 19 
'® Johnson, sbid., 1941, 187, 575 
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$-amylase (980 units; 5 ml.), and water (20 ml.) were set up. Samples (3 ml.) were analysed, 
at intervals, for maltose, with the following results : 
B-Amylolysis limit 


Fime of incubation (hr.)  cr.p..ccceereccceeeseseneees ‘ 4 24 48 

Sample 1 (4)  ..crssooscssrrecvesccvesveveseacrevocessses 43 44 
CD ncdvisasnses sugeushScocseunesetabbscoecibhes 44 45 

Sample Il  ..cccccvossessessasscccvovesovevervenceveseveess 36 37 

Samipes TIT 2... ccescscecnvsvccessanadosscsidvenatnecsceteses 35 37 


Paper chromatography of §-amylase-Floridean starch digests showed that maltose was the 
sole reducing sugar present. Control experiments showed that the §-amylase had no maltase 
activity, and slowly hydrolysed salicin and laminarin, 

The Floridean starches were also hydrolysed by an amorphous preparation of f-amylase 
from barley, yielding 30-40% of maltose. 

Action of isoAmylase and 8-Amylase on Floridean Starches.—isoAmylase * was isolated from 
brewer's yeast by Manners and Khin Maung. Sample i (10-0 mg.), 0-2m-acetate buffer (pH 5-89; 
1 mi.), water (4-5 ml,), and isoamylase (40 mg. per ml.; 0-5 ml.) were incubated at 18° for 24 hr, 
The enzyme was then inactivated by heating the digest to 100° for 2-3 min. Barley §-amylase 
(500 units; 1 ml.) was added, After 24 hours’ incubation at 35°, a 3 ml. sample was with- 
drawn, and after deproteinisation (zinc sulphate-barium hydroxide) analysed for maltose, The 
f-amylolysis limit was 54%. In a similar experiment with sample II, the B-amylolysy limit 
of the isoamylase-treated starch was 54% after 24 hours’ incubation with B-amylase, and 57%, 
after 48 hours’. 

Phosphovrolysis of Floridean Starches [with A, Marcaret Lipp.e).--Digests were prepared 
containing Floridean starch I, II, III (ca. 26 mg.), potato phosphorylase (100 mg., 6 Green and 
Stumpf ” units), 0-6m-phosphate buffer (pH 6-8; 2 ml.), and water to 10 ml, Aliquot portions 
(2 ml.) were analysed at intervals for glucose 1-phosphate, as described previously : 


Conversion (%,) into glucose 1-phosphate. 


Time Of incubation (D8,)  ccccccccesceeeeeceeeereceeeens 10 24 40 
Sample I ...ccorsesrevovrsseocveves Seovecereessersconsees 34 35 
Sample I] vcvsosoccccesccvovovsesteesosevecoessocess . 23 24 
Sample [II ....scscccreccccereccssceveveseveccsesoveccess 27 28 


In a control experiment with waxy maize starch, a phosphorolysis limit of 41% was obtained. 
Similar limits have been obtained by other workers.’ 

Action of Emulsin on the Floridean Starches.—-Digests were set up containing samples I or 
III (49-8 or 46-8 mg.), 0-2m-acetate buffer (pH 5-0; 3-5 ml.), 0-01M-mercuric chloride (0-5 ml), 
distilled water (18-0 ml.), and emulsin solution (40 mg./ml.; 3-0 ml.), Aliquot portions (3 m1.) 
were analysed, after deproteinisation (zinc sulphate-barium hydroxide), for reducing sugar, 
No significant increase in reducing power occurred within 48 hr. In control experiments, the 
emulsin rapidly attacked laminarin and salicin, and had no action on soluble starch, 

Sodium Metaperiodate Oxidation of Floridean Starches.—‘Sample I (96-8 mg., es 90-0 mg. of 
glucosan) was oxidised with sodium metaperiodate (3-2% w/v; 10 ml.) at 1°. Samples (2 ml.) 
were removed at intervals, and the periodate uptake determined by Fleury and Lange’s method.” 
After 72 and 168 hr., 0-93 and 1-05 mol. respectively of periodate were consumed per anhydro 
glucose unit. 

Sample II [(a) 152-7 and (b) 152-0 mg.} were oxidised under similar conditions. The periodate 
consumption, after 96 and 192 hr., was (a) 0-90 and 0-98 and (b) 0-95 and 0-94 mol, per anhydro 
hexose unit, 

Sample III [(a) 147-4 and (6) 151-0 mg.) were oxidised as above. After 90 and 216 hr., the 
periodate uptakes were (a) 0-82 and 0-87 and (5) 0-83 and 0-85 mol. per anhydrohexose unit. 

If reducing-sugar contents of 88 and 84% are assumed for samples II and III, respectively, 
these figures are equivalent to periodate uptakes of 1-03 and 1-02 mol. per anhydrohexose unit. 

In a control experiment waxy maize starch (211-5 mg.) was oxidised at 1° with sodium 
metaperiodate (4.0% w/v; 20 ml.). After 50 and 120 hr., 1-03 and 1-04 mol. of periodate were 
consumed per anhydroglucose unit, 

Control titrations of arsenite in the presence of Floridean starches against iodine showed that 


1? Green and Stumpf, J. Biol. Chem., 1942, 142, 355 
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the impurities present (galactan and protein) did not interfere with the titration, and hence 
with measurement of the periodate uptake. 

Potassium Metaperiodate Oxidation of Flovidean Starches.—Floridean starch (55-100 mg.) 
was dissolved in 3% potassium chloride solution (40 ml.) and the pH adjusted to 5-8 (glass 
electrode) by the addition of sodium hydroxide. 4% w/v Sodium metaperiodate solution 
(10 ml.) was added; 10 ml. portions were withdrawn at intervals for determination of formic 
acid.” A mixture of potassium chloride and sodium metaperiodate was analysed similarly. 
rhe following results were obtained : 


IJ ill 
Neight oxidised (mg.) ; 95-8 55°8 
Total formic acid produced (mg.) , 2-43 1-22 
Apparent chain length (glucose residues) 2 11-6 13-0 


lhe formic acid release was complete after 210 hours’ oxidation at room temperature (15— 
17°); similar titres were obtained after 260 hr. 

The oxidised sample I was isolated by freeze-drying (after decomposition of excess of 
periodate with ethylene glycol, and dialysis), and hydrolysed with acid. Paper chrom- 
atography of the neutralised and de-ionised hydrolysate showed the presence of galactose 
(moderate spot) and glucose (faint spot). The amount of glucose is less than that of the 
insignificant quantity of galactose present in the original acid hydrolysate (p. 2832) and 
represamts less than 1%, of the original molecule. 


rhe authors are grateful to Drs. V. C. Barry and A, G, Ross for the samples of Floridean 
starch, to the Rockefeller Foundation for a grant, and to the Department of Scientific and 
Industrial Research for a maintenance grant (to I. D, F.). 
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554. leaction-kinetic Investigations of the Incomplete Dissociation of 


Salts. Part IV.* The Neutralization of Nitroethane by Solutions 
of Metallic Hydroxides. 


By R. P. Bett and M. H. PAncknurst. 


Kinetic measurements have been made on the reaction between nitro- 
ethane and hydroxyl ions at 25°, in the presence of sodium, calcium, barium, 
and thallous ions. The results are interpreted in terms of the incomplete 
dissociation of the species CaOH*, BaOH*, and TIOH, and the dissociation 
constants derived agree with previous estimates within the rather wide limits 
of uncertainty about activity coefficients. 


In two earlier papers of this series)* it was shown that the ions TI*, Ca**, and Ba* 
exert a specific retarding effect on the decomposition of diacetone alcohol catalysed by 
hydroxyl ions, and on the reaction of hydroxyl ions with ethoxycarbonyltrimethyl- 
ammonium iodide. This effect was attributed to the incomplete dissociation of these 
hydroxides, and dissociation constants were derived which were in fair agreement with 
those arrived at by other methods. On the other hand, no such effect was observable in 
the alkaline hydrolysis of ethyl acetate * and it is therefore of interest to study other types 
of reaction. The present paper deals with the effect of the same cations on the neutraliz- 
ation of nitroethane by hydroxyl ions. The kinetics of this reaction have previously 
been studied by Maron and La Mer,® Wynne-Jones,* and Bell and Clunie.® It is well 
established that the reaction follows second-order kinetics, and there is good agreement 


* Part II, J., 1961, 2357 

' Bell and Prue, J., 1049, 362. 

? Bell and Waind, /., 1960, 1979 

' Maron and La Mer, J], Amer. Chem. Soc., 1938, 60, 2588 
* Wynne-Jones, /. Chem. Phys., 1934, 2, 381. 

* Bell and Clunie, Proc. Roy, Soc,, 1952, A, 212, 16. 
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between the three investigations on the value of the velocity constant at 0°. At 25° the 
reaction is too fast for study by conventional means, and Bell and Clunie used a thermal 
method suitable for half-times of a few seconds. The sarne method has been employed in 
the present investigation. 


EXPERIMENTAI 

Nitroethane was purified by three distillations, giving a product of b. p. 114°, Its aqueous 
solutions were not kept for more than a few hours before use. Sodium hydroxide solution was 
made from washed sticks and titrated by weight against hydrochloric acid, which either had 
been prepared by diluting constant-boiling acid, or had been standardized against borax. 
Challous hydroxide solution was prepared by adding a solution of ‘' AnalaR '’ barium hydroxide 
to a solution of ‘‘ AnalaR ”’ thallous sulphate until the solution gave negative tests for both 
sulphate and barium ions. The precipitated barium sulphate (and perhaps carbonate) was 
filtered off and the filtrate concentrated under reduced pressure in an atmosphere of nitrogen. 
The resulting solution was analysed for thallous and hydroxide ions by titration with potassium 
iodate solution and hydrochloric acid respectively, the two estimations agreeing within 0-2%,. 
Sodium chloride solutions were made by weight from the “ AnalaR"’ salt, and solutions of 
“ Analak "’ calcium chloride and barium chloride were analysed by gravimetric estimation 
of chloride 

The reaction velocity was measured by the thermal maximum method previously 
described.+* A platinum reaction vessel was used, and the temperature measured by a single 
chromel constantan thermocouple in conjunction with a galvanometer amplifier. The heat 
of reaction between nitroethane and hydroxyl ions is about 12 keal./mole, which is ample for 
the use of this method. Experiments were first carried out with solutions of sodium hydroxide, 
in which there are no complications due to incomplete dissociation. J 4, the temperature 
change under adiabatic conditions, was determined by the extrapolation procedure already 
described ;* bulbs of sodium hydroxide solution were broken in 50 ml, of nitroethane solution 
of concentration 0-06—0-4mM, the amount of sodium hydroxide being always one-tenth of that 
of the nitroethane, The reaction was treated as a first-order one between hydroxyl ions and a 
constant concentration [EtNO,), — 4{OH™), of nitroethane. ‘This assumption was justified by 
considering the exact expression for second-order reactions {equation (12), ref. 5) and expanding 
in powers of i/r, where r is the ratio of the initial concentrations. In this way it was shown 
that under our conditions the true value of 7), (the maximum temperature rise) differs by less 
than 0-5% from the value corresponding to the above assumption. There is no appreciable 
instantaneous temperature change for the dilution of sodium hydroxide solutions in the relevant 
concentration range, so that 7, can be determined from the empirical extrapolation equations 
given in ref. 6 for first-order reactions. A typical set of experiments gave 7, = 186, 187, 188 
mm. deflection per millimole of sodium hydroxide, on use of the first three equations of 
lable 3, ref. 6 

It is possible to obtain a value for the velocity constant in sodium hydroxide solutions from 
the slope of the extrapolation graph, and the set of experiments quoted above gives hk = 6-0, 
5-9, 5-8 1. mole sec.~! on the basis of the three equations used, However, it is more accurate 
to use the extrapolated value of 7, in conjunction with measurements of 7,, at lower concen 


TABLE 1. Reaction between equal concentrations of mitroethane and sodium 
hydroxide at 25°. 


second-order velocity constant (1. mol 
193 ; 225 27 246 262 : 4104 4124 517 610 


aw 


1c, . 80 
i cessane SB, 7. f 5-8, h- 58 vs is 7, 57 58, 
a 256 27 2! 267 242 313 275 258 val 256 MOH zl 
10° NaCl 110 55 2! 273 301 32 438 474 590 KAY 


Ey iv7s 5 6, 5D, 55 « 5- 5 5s 56 i ‘ 55, 56 iT, Bs 


trations, and this was done for equal concentrations of sodium hydroxide and nitroethane in 
the range 0-02-—0-06m. ‘The results are given in Table 1, which also gives the results of measure- 
The velocity constants were calculated from the observed 


ments with added sodium chloride. 
alue represents the mean of at least three 


values of 7, by using Table 1 of ref. 6, and each v 
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determinations. The mean value in the absence of added salt is k = 5-8, 1. mole sec.“!, in 
excellent agreement with k = 5-8, found by Bell and Clunie* The results with added sodium 
chloride show that as the ionic strength increases, k first falls slightly and then rises again. 

imilar measurements were carried out in hydroxide solutions containing the ions Ca?*’, 
Ha®t', and Tl’, the initial stoicheiometric concentration of hydroxide being throughout equal 
to that of nitroethane. The interpretation of these experiments involves several complications 
which are not present in reactions with completely dissociated hydroxides, In the first place, 
we no longer have a strictly second-order reaction between reactants of equal concentration, If 


the rate equation in sodium hydroxide solution is dx/dt « k,(a x)*, the corresponding equation 
in an incompletely dissociated solution will be dx/dt = ak,(a — *)*, where « is the fraction of 
the hydroxy! ions which are unassociated, and it is assumed that only the unassociated hydroxy! 
ions react. The reaction will therefore behave like a second-order change with velocity constant 


zk, as long as the variation of « can be neglected. In our experimental method we are only 
interested in the course of the reaction up to the time corresponding to the temperature 
maximum, which under our conditions corresponds to not more than 60%, reaction. Rough 
values for the dissociation constants involved being used, calculation shows that during the first 
half of the reaction « deviates by less than 1% from its mean value, corresponding to an uncer 
tainty of less than 0-3%, in 7,,, which is considerably less than the experimental error. The 
deviations from simple second-order behaviour will be even less if it is supposed that the 
associated hydroxyl] ions also react with nitroethane, 

The other complications arise in determining the velocity constant from the observed value 


of 7, The method of applying the corrections will be illustrated for solutions containing 
calcium, ‘The reaction was started by breaking a bulb containing sodium hydroxide solution 
in a solution containing nitroethane and calcium chloride. This gives an instantaneous 
deflection — 7, (per millimole of sodium hydroxide) due to the heat absorbed in the formation 
of CaOH’ from Ca*’ and OH. As the reaction proceeds heat is evolved by the dissociation 
of CaOH", and in place of 7, (as determined in sodium hydroxide solutions) we must use a 
value 7, /,: further, the initial temperature change must be taken into account in the 


relation between 7), and k, as in equation 9 of ref. 5. Since the magnitude of 7, depends upon 
the amount of CaOH* formed, it is necessary to determine it by successive approximations 
using the value of AH for Ca**t 4- OH~ —m CaOH? given by Bell and George.’ First, an 
approximate value for k is calculated from T,,, assuming 7; = 0. This gives an approximate 
value of a from a = hk/hkg, where k, is the rate constant in a sodium hydroxide-sodium chloride 
solution of the same ionic strength interpolated from Table 1. An approximate value of 7, 
follows from « and AH, and a more accurate value of can now be calculated by using (7, + 7; 
in place of 7,, and the full expression relating 7,,, 7;, and &. This in turn leads to a more 
accurate value of a, and the whole process can be repeated, though in practice it was found that 
no furthe. approximations were necessary. The two corrections involving 7, work in opposite 
directions, so that the final values of « and & do not differ much from the uncorrected ones 

rhe results for solutions containing barium were treated in the same way. An approximate 
value of Al/ is given by Gimblett and Monk,® and was confirmed by observing the initial! 
deflection when bulbs of sodium hydroxide solution were broken in solutions of barium chloride 
rhe two corrections again compensate one another, This is not the case in the experiments 
with thallous hydroxide, where the reaction was started by breaking a bulb of concentrated 
thallous hydroxide solution in a solution of nitroethane : heat is therefore evolved both initially 
and during the reaction, and the two corrections now act in the same direction. Bell 


and George’ give AH 0-37 + 0-15 keal./mole for TIOH —» TI’ + OH~, while our own 
rough experiments on the heat of dilution indicate a smaller value. The values of « and & in 
the Table correspond to aH 0-22 kcal./mole, but are less accurate than those for the other 


hydroxides 

The final values of @ lead directly to K,, the concentration dissociation constants for the 
species CaOH', BaOH*, and TIOH, Because of the high ionic strengths (especially in the 
first two instances) the thermodynamic constants K,* differ considerably from these. The 
values of K, in Table 2 are calculated from K, by assuming —log f; = 0-6023/4/(1 + J4) for 
all ionic species. Within the rather large experimental error the values of K, thus calculated 
show no trend with ionic strength, and there séems to be no justification for adding an empirical 
term linear in / to the expression for the activity coeflicient 


Bell and George, Trans. Faraday Soc., 1953, 49, 619 
* Gimblett and Monk, ibid, 1954, 60, 065 
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TABLE 2. Neutralization of nitroethane in presence of various hydroxides at 25°. 


a4 = initial stoicheiometric conen, of NaOH or TIOH; also of nitroethane. 6 = imitial stoicheio- 
metric concn. of CaCl, or BaCl,. h& = second-order velocity constant, |, mole"! sec.', mean of several 
expts. a «= fraction of hydroxyl ions unassociated. & and a have been corrected for the heat effects 
arising from incomplete dissociation. 


l0ta = LD kh a K, Ky l0ta 10*b 4 kK, K, 


Ca(OH), ba(OH), 
0-098 0-036 220 606 Be 0-92 O-16 
0-082 0-030 233 6 be f Ol 
0075 O028 218 o44 f ’ O12 
O1l2 0-036 228 878 3 o-16 
O142 0-042 249 878 56 ’ Os 
O110 0-035 324 878 5 , O16 
O12 0-036 519 1o70 f { O14 
0-145 0-036 402 1331 +f 16 
-: 220 704 { On 
0-035 +. 0-005 408 1475 ' Ol4 
478 1475s . O12 


198 
198 
198 
204 
395 
330 
395 
593 


= 
o 


~~ e e e e 
—e OO es 


O14 4+ 0-02 
a 


TIOH 
Oo 14 
0-88 if 14 
0-89 +23 16 
O86 2 ‘l4 
ORS 2 ‘14 
O82 7 12 
0-86 26 ‘18 
O82 : 12 
oO-79 2 10 


O14 4 0-08 


DISCUSSION 


The resu'ts in Table 2 show clearly that the presence of calcium, barium, or thallous 
ions reduces the rate of the reaction between hydroxy! ions and nitroethane, and the values 
of « and K have been calculated on the assumption that only the unassociated hydroxyl 
ions are capable of reaction. The dissociation constants derived from different sources are 
collected in Table 3. These are normally the values given by the authors themselves, but 


TasLe 3. Collected thermodynamic dissociation constants at 25°. 
Method Authors Method Authors 


CaOH BaOH 
O-O4l Solubility Kilde *% y E.m.f Davies 
0-031 Kilde,™ recale. by 23 - Gimblett and Monk * 
Davies '* 2 2. Kinetic Bell and Prue ! 
0-050 - Davies and Hoyle !’ ” This paper 
0-04 Bell and George * 
0-043 Em f Gimblett and Monk * POH 
0-049 Conductivity Lea and Bessey * volu bility Bell and George * 
0-050, OO5L Kinetic Bell and Prue * 2! Conductivity Ostwald !! 
0-046, 0-056 Bell and Waind # 2: Spectrophoto- Bell and Panck 
0-035 This paper metric hurst ** 
Kinetic Bell and Prue? 
This paper 


” 


the value for CaOH’ based on the conductivity measurements by Lea and Bessey * has been 
calculated by us using the procedure of Righellato and Davies.’ This involves assumptions 
about the mobility of CaOH’ (taken as 35-0 in our calculations) and also the use of empirical 
conductivity equations in what is really a mixture of 1 : 1 and 1: 2 electrolytes, so that no 


* Lea and Bessey, J/., 1937, 1612 
* Righellato and Davies, Trans. Faraday Soc , 1930 96, 502 
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great reliance can be placed upon the results. For thallous hydroxide the conductivity 
data are simple to interpret, but the experimental position is not clear. Ostwald’s 
results,’ combined with recent values for the mobilities of Tl* and OH™ and the empirical 
conductivity equation of Robinson and Davies, give an average value K, = 0-26 in the 
range 0-05-0-2m. As pointed out by Biedermann ™ the more recent conductivity measure- 
ments of Hlasko and Salitowna ™ suggest that thallous hydroxide is almost completely 
dissociated in this range, However, it is doubtful whether this conclusion can be accepted, 
since the results of these authors for other electrolytes (for example, hydrochloric acid) 
differ considerably from accepted values, and approximate conductivity measurements 
of our own give results close to those of Ostwald, though somewhat higher. 

The range of values in Table 3 is disconcertingly wide, but it is doubtful whether there 
is any proven inconsistency between the results of the different methods. Most of the 
values depend upon small differences between large quantities, and many of the measure- 
ments were made at high ionic strengths, so that the values of K, obtained are sensitive 
to the expressions used for ionic activity coefficients. Different authors have used different 
expressions, and in any case it cannot be expected that a single type of expression will 
describe the behaviour of different electrolyte mixtures. It is likely, therefore, that the 
apparent discrepancies in Table 3 are mainly due to uncertainties in the activity coefficients 
rhe only real anomaly is the high value obtained for thallous hydroxide by Bell and Prue ! 
using the kinetic method, and this rests heavily on an extrapolation from the values in the 
two most dilute solutions. 

Our results indicate that the species CaOH*, BaOH*, and TIOH do not react at an 
appreciable rate with nitroethane, or (which comes to the same thing) that the cations 
Ca*’, Ba*®’, and TI’ do not associate appreciably with the transition state of the reaction. 
It was suggested by Bell and Waind * tha‘ this behaviour would be found in reactions 
where the charge on the transition state is spread over a number of atoms. This fits in 
with the present example, where the transition state can be written 


f +4 Oi , + so ) 
| CHy-CH'N CH, CHING 
2 H “Ot oO adi 
| MM 

° o 

{ H H 
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555. An X-Ray Examination of the Crystal Structure of 
p-Lodonitrosobenzene. 


By Monica S. WEBSTER. 


Crystals of p-iodonitrosobenzene are green, and X-ray analysis confirms 
that they consist of the stable monomer. They are monoclinic, space-group 
Aa, with four monomeric units, bC,HyNO, per unit cell. Co-ordinates for 
all atoms have been obtained from [100] and [101] electron-density projec 
tions. The molecule is planar with a C~N-O angle of about 125°. A 
short iodine-oxygen contact distance suggests strong dipole-dipole attraction 
between molecules, 


CrysTaAL structure analyses of p-bromonitrosobenzene* and 2: 4; 6-tribromonitroso- 
benzene * have been reported. The crystals of both compounds are colourless, and the 
molecules are dimeric, joined by a nitrogen—nitrogen bond. 

In 1952, Dr. Nakamoto observed that crystals of p-iodonitrosobenzene are green, 
indicating the presence of the monomer. He suggested an X-ray analysis of the structure 
and provided the material used in this research. 

Preliminary Crystal Data.—p-1-C,H,NO: Found, d@ = 2-20 g./c.c. Cale., d = 2-20 
g./c.c. Grass-green monoclinic needles, much elongated along the Va-axis. Main {O11} 
faces showing yellow-green to blue-green pleochroism. Unit-cell dimensions: @ = 7-86, 
b = 9-99, c = 10-52 A, 6 = 122°. Space-group Aa. Four molecules of I-C,H,NO per 
unit cell. 

Structure Analysis.—The crystals decompose fairly rapidly in air, but the decomposition 
of single crystals was retarded sufficiently to obtain satisfactory photographs by sealing 
them in capillary tubes. In view of the difficulty of correlating three-dimensional data 
obtained from a number of crystals, the analysis was limited to projections, 

The space-group requires four asymmetric units per unit cell and forbids bonding to 
form dimers between two units. There is no centrosymmetric projection, and Fourier 
syntheses with observed structure amplitudes with heavy-atom phases have false symmetry, 
The iodine contributes one half of the scattering matter per molecule, so that light-atom 
positions cannot be accurately determined, 

x and z co-ordinates of the iodine atom may be chosen arbitrarily; the y co-ordinate 
was found from an a-axis Patterson synthesis. Co-ordinates used for subsequent calcu- 
lations were: x = 0, y = 0-203, z = 0. 

An electron-density projection along the a-axis, calculated from observed structure 
amplitudes with heavy-atom phases, gives the general distribution of the molecule (Fig. 1). 
The true structure is repeated by reflection across the false mirror plane along the b-axis. 
To reveal the nitroso-group it was necessary to remove the iodine atom peak from the 
electron-density distribution. A second Fourier synthesis with (Fy — Fosue;) values 
showed the nitrogen and oxygen atom peaks resolved but considerably distorted. 
However, the non-linearity of the oxygen atom with the carbon-nitrogen bond was clear. 
The projection was refined twice; the final (Fy — Fue )) Fourier synthesis is shown in 
Fig. 2. The final R value for all O&l terms is 0-12. 

A further projection of electron density was calculated on the plane perpendicular to 

101), at an angle of 76° with the plane of the first projection. The two projections were 
considered together, light-projection technique being used, and co-ordinates for all atoms 
except the oxygen were fixed. It was possible to keep the oxygen atom position unmoved 
in the [100} projection and to satisfy the [101] projection with the nitrogen-oxygen bond 
either in or perpendicular to the plane of the benzene ring. Sets of structure factors, 
followed by electron-density syntheses, were calculated on these alternative structures for 
the {101} projection. For the non-planar molecule the R value is 0-21, excluding unobserved 
reflections, and the corresponding Fourier synthesis gives the oxygen atom at only half 


' Darwin and Hodgkin, Nature, 1950, 166, 827 
* Fenimore, /, Amer. Chem. Soc., 1960, 72, 3226 
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weight. The planar molecule corresponds to an R value of 0-17, excluding unobserved 
terms, and the Fourier synthesis gives the oxygen atom at full weight (Fig. 3). The final 
R value, including all terms, is 0-18. 

An electron-density projection along the b-axis, calculated from observed (010) 
amplitudes with iodine atom phases, confirms the planarity of the molecule (Fig. 4). The 
distribution contains a false centre of symmetry. 

Final atomic co-ordinates for the structure are listed in Table 1. Corresponding bond 


Fic. 1. Electron density of p-iodo- 
nitrosobenzene projected on (100) ; 
calculated from observed amplitudes 
with iodine atom phases. 


(Contour lines begin at the 3e A-? 
contour and aredrawn at intervals 
of 2e A-*, except for the iodine 
atom where the intervals are 
arbitrary.) 


bic. 2 Electron density of p todo- 
nitrosobenzene projec ted on (100); 
calculated on the phases of all atoms 
but with the todine atom subtracted 

(Contour lines begin at the Se A> 
contour and are drawn at intervals 
of le Av™* (hyo, included using the 
calculated value ) 


Fic. 3. Electron density of p-iodo- 
nitvosobenzene projected along 
101}; calculated on the phases of 
all atoms, 


(Contour lines begin at the 3e A- 
contour and are drawn at intervals 
of 2e~A?.) 


lengths and angles are shown in Fig. 5. The C-N bond appears to be short, but other 
variations from expected interatomic distances are within the limits of reliability of the 
analysis. There is one short intermolecular contact distance of 3-2 A between adjacent 
iodine and oxygen atoms along the b-axis 


TABLE 1. Final co-ordinates. 


Cat position «s y £ Cat position a ) Z ‘ y & 
! 0-000 0-403 0-010 4 0-007 0-677 0-033 N 0-020 0-804 0-053 
2 0-973 0-480 0-893 5 0-030 0-600 0-150 0-994 0-888 0-957 
3 0-976 0-620 0-903 6 0-028 0-460 0-140 0-000 0°203 0-000 


Discussion.—Two facts, in particular, emerge from the present structure analysis ; 
p-iodonitrosobenzene is planar, and there is a short intermolecular iodine-to-oxygen 
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contact distance. Short intermolecular contacts have also been reported in p-chloro- 
iodoxybenzene * and in N-picryl-p-iodoaniline.* 

The planar monomer may be compared with dimeric aromatic nitroso-compounds 
where there is steric hindrance between oxygen and the hydrogen atoms in ortho-positions 
see (1)|. To achieve clearance, the planarity of the molecule is destroyed, and the 
structure analyses of p-bromonitrosobenzene and 2 : 4: 6-tribromonitrosobenzene establish 
that the benzene rings turn out of the plane of the six central atoms. By contrast, the 


quinaldil molecule twists about the central bond.® 


hic. 4, Electron density of p-iodonitroso- 
benzene projected on (O10); calculated on 
the todine atom phases. 


Contours are drawn at arbitrary intervals.) 


4 
125% bia. 5 Bond lengths and angles 


calculated from atomic co-ordin 
ates listed in Table | 


Dr. Liittke © has recently suggested that clectron-accepting groups in fara-positions 
favour dimerisation of nitroso-compounds, while electron-donating groups stabilise the 
monomer. p-lodo-, ~-methoxy-, and p-dimethylamino-nitrosobenzene are monomeric, 
and in each case the substituent group is an electron donor. The planarity of p-iodo 


5°) 


ff / 
, ONO 


nitrosobenzene suggests that contribution from a resonance structure of the type (II) 
stabilises the monomer, and when such a contribution is small or absent, dimerisation 
occurs. The short intermolecular contact is consistent with strong dipolar attraction 


* Archer, Acta Cryst., 1948, 1, 64 

‘ Grison, tbid., 1949, 2, 146 

* Davies and Powell, Nature, 1951, 168, 386 
* Luttke, verbal communication in Oxford 
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between opposite ends of adjacent molecules. It is significant that o-iodonitrosobenzene, 
in which there is steric hindrance, is dimeric. 

It is suggested that the monomer is stable only under these electronic and steric 
conditions. In all other cases dimers are formed, and the resulting molecule is stabilised 
by resonance localised in the central planar group. Similar conclusions have been reached 
by Mi Mijs.’ 


EXPERIMENTAL 


The crystals sent by Dr. Nakamoto were grass-green needles suitable for X-ray photography 
without recrystallisation, To improve their shape for the [010] and [101| axis photographs 
they were cut across the needle length. Each crystal was mounted on a glass fibre about the 
correct axis before being sealed in a thin-walled, Hysil capillary tube. Rapid decomposition 
occurred in the air, probably with less of iodine, and a new crystal was required for each set of 
photographs. Approximate dimensions of crystals used were 0-07 x 0-07 x 0-156 mm. 

X-Ray Measurements.-Unfiltered copper radiation was used. Intensities were estimated 
visually from Weissenberg photographs by using multiple-film technique. The number of 
reflections observed for the {106}, [010,) and [10]) projections were respectively 55 out of a 
possible 64, 41 out of 47, and 45 out of 55. Vor accurate cell-dimension measurements the films 
were calibrated at the edges with copper powder lines obtained from a fine wire. The lattice 
constant for copper was taken to be 360775 A. The absolute scale was determined by 
correlation of final F,,, and F,,). values. 


TABLE 2. Temperature factors. 


10" Bowery  10** Boas 10** Benet)  10** Beoa.y 
(100) projection one 4-76 (101) projection: |b... 2-38 2:38 
| 6-40 Ds 2-38 6°40 


laute 3. Observed and calculated values of the structure factor (hydrogen contributions 
and unobserved reflections are not included). 


hkl , oats hkl Fits Pr, hkl Fone F note 
020 36 3: 042 097 
040 7 O44 0,10,2 
060 046 0,10,4 
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0,10,0 04,10 
0,12,0 j { O51 
002 7 053 
O04 ‘ 2 055 
006 j O57 
00% { 059 
00,10 d q O62 
oll , ObO4 
ols 4 O74 
O15 } ( 073 
022 q O75 
O24 q ; O77 
O26 : O79 
O2s f O82 
02,10 O44 
O31 : K 086 
O33 22 2% OBS 
O35 ! , ool 
037 ] 093 
osy d d O05 


oe 


VK —SCeereer-uaee@ 


a 


— — tow 
Demir e eo wnm eS & ~2~) 
— ome tes ps 


roc aoe 


Calculations.-Fourier summations were obtained with a Hollerith tabulator. The final 
100) and (101) projections were calculated at intervals of 1/60 of the cell edge, and the (010) 
projection at intervals of 1/30. Structure factors for all atoms except iodine were calculated 
with a cross-product table, with atoms weighted as carbon 6, nitrogen 7, and oxygen 8. The 
sum for each reflection was multiplied by a value obtained from a normalised McWeeney 
scattering curve for nitrogen, and added to the iodine contribution. This was calculated from 
Buerger's tables and the Thomas—Fermi atomic scattering curve for iodine 


ee Ha inga Che i echblad, 1955, 51 125 


(1956) Determination of Acid Strengths of Organic Hydroperoxides. 2845 


Temperature factors were obtained by plotting In F,/F, against sin*/* for all reflections, 
Consideration of axial reflections alone indicated that the temperature factor of the iodine 
atom was significantly anisotropic. Final temperature factors used are given in Table 2. 
Proportional values for the iodine atom at intermediate points, were obtained by distortion of 
the reciprocal lattice.* No direct correction was made for absorption and this is assumed to 
account for anomalies in temperature factor values obtained experimentally. 


I thank Dr. Crowfoot Hodgkin for supervising this research, Dr. Nakamoto for suggesting 
the problem and for supplying the material, and British Tabulating Machines Ltd. for the use 
of punched-card machines, 
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556. ‘'he Determination of Acid Strengths of Organic 
Hydroperoxides.* 
By D. Barnarp, K. R. Harorave, and G. M. C. Hicerns. 


The relative acid strengths of several organic hydroperoxides and alcohols 
have been determined by an infrared spectroscopic study of their association 
with cyclohexyl methyl sulphoxide. The equilibrium association constants 
obtained for a series of hydroperoxides parallel the relative acidities predicted 
by a kinetic method and enable absolute pK, values to be derived for those 
hydroperoxides not amenable to conventional dissociation methods, 
a-Cumyl! hydroperoxide is an exception to this correlation, the anomaly being 
traced to the intramolecular interaction of the hydroxyl group with the 
aromatic nucleus, 


A KINETIC study ! of the interaction of organic hydroperoxides with saturated sulphides 
led to the conclusion that the reaction proceeds through a hydrogen-bonded cyelic 
transition complex : 
-o-—— " SRR” 

H “ai 

x 

In this complex, XOH may represent a solvent molecule or, when aprotic solvents are 
used, a second hydroperoxide molecule. For a given combination of hydroperoxide and 
sulphide it therefore appears that the reaction rate should increase as the hydrogen lability 
of the solvent XOH increases, and this was found to be so for a series of alcohols of different 
acidities. The rate should also depend on the acid strength of the hydroperoxide, For 
a given sulphide (cyclohexyl methyl sulphide) and solvent (methanol) the second-order 
rate constants determined under standard conditions for a series of hydroperoxides differ 
considerably,!:* and one object of the present work was to confirm that the variations 
parallel the relative acid strengths of the hydroperoxides. 

Kolthoff and Medalia * and Everett and Minkoff * determined pK, values of saturated 
hydroperoxides by measuring their dissociation in the presence of a strong base. Such 
methods are not applicable to unsaturated hydroperoxides which are very readily decom- 
posed by alkali; moreover, ionic dissociation does not necessarily reflect the true function 
of a weak acid in organic solvents. A method was therefore employed whereby the 


OSR’R” 


wey % SR’R” 
H.-H 


* Presented in part at the European Molecular Spectroscopy Group Conference, Oxford, 1965 


+ Bateman and Hargrave, Proc. Roy. Soc., 1954, A, 224, 389, 399 
* Hargrave, unpublished results. 

* Kolthoff and Medalia, /. Amer. Chem. Soc., 1949, 71, 3789 

* Everett and Minkoff, Trans, Faraday Soc., 1953, 49, 410 

* Davis and Hetzer, /. Res. Nat. Bur. Stand., 1952, 48, 381 
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relative strengths of weak acids could be derived from a study of their association with 
sulphoxides to form hydrogen-bonded complexes.® 
If the equilibrium 


A 


R-O-OH + OSR'R” =" R-O-O-H + O-SR'R”. . . . (1) 


is assumed to be the only one operative in dilute solution in carbon tetrachloride, then 
it may be shown that 


Pt at Fit PEM Ke HED 


where K, is the equilibrium constant == k,/ky, Sq is the initial sulphoxide concentration, 
P, is the initial hydroperoxide concentration, and P, is the equilibrium concentration of 
unassociated hydroperoxide. With a constant value of S, and different values of Py, 
the plot of P,* against (P, — P,)"+ should be linear, with a slope of K,S,. 

The determination of K,, as a measure of the acid strength of the hydroperoxide, thus 
involves only the measurement of a series of values of P,, which can be accurately carried 
out by infrared spectroscopy with reference to a suitable calibration curve. Compounds, 
other than hydroperoxides, having acidic hydrogen can be similarly examined and by a 
simple adaptation of the method the relative basic strengths of, say, a series of sulphoxides 
should be determinable, 


EXPERIMENTAL 


Apparatus and Technique.--A Grubb-Parsons single-beam infrared spectrometer was used 
with a lithium fluoride prism. To reduce absorption due to atmospheric water vapour in the 
instrument an activated-alumina air-drier was employed. The absorptions of the test solutions 
and pure solvent were determined by using matched fused-quartz absorption cells (56 mm.) 
reproducibly placed in the spectrometer, and all measurements were made at 25-0° + 0-5". 
Calibration curves were derived for each hydroxylic compound, relating the optical density of 
the 34 unassociated OH stretching band to the concentration. Over the concentration ranges 
used for each compound, Beer's law was accurately obeyed, indicating that self-association was 
negligible—the individual ranges depended on the intensity of absorption of each hydroxylic 
compound and were within the overall limits 0-002--0-02m. Table 1 gives the frequencies, 
vom, 2nd molecular extinction coefficients, e, of the OH absorption bands used. It was also 
shown that cyclohexyl methyl sulphoxide (0-02m in CCl,) had no absorption in the region 3620 
3550 cm." 


€ 
von (cm,~*) (mole 1, em.~) 
3609 209 
3611 183 
3540 75 
ycloHiex-2-enyl hydroperoxide ; 3537 86 
x-Cumyl hydroperoxide 3535, 3510 40, 35 * 
cycloHexy! hydroperoxide 3535 87 
tert.-Butyl hydroperoxide ....... : 3543 87 
fert ° 55 


lor each weak acid, solutions were prepared in carbon tetrachloride containing a standard 
concentration of cyclohexyl methyl sulphoxide (0-02mM) and varying concentrations of the 
hydroxyl compound such that the equilibrium concentration of the unassociated material fell 
within the range covered by the appropriate calibration curve. Determinations of the 
equilibrium concentration were carried out in duplicate. 

Materials,—"' AnaiaR"’ carbon tetrachloride was further purified by conventional methods, 
the same spectroscopically pure sample being used throughout. cycloHexy! methyl sulphoxide * 
had a purity of 99% as estimated by Barnard and Hargrave's method.? Phenol and thymol 
were “ Analak "’ samples sublimed in a high vacuum immediately before use. ‘ert,-Buty! 
alcohol had b, p. 82-2-—-82-3°/760 mm. 1-Tetralyl hydroperoxide was prepared by Nussle, 


* Barnard, Fabian, and Koch, /., 1949, 2442 
Barnard and Hargrave, Analyt. Chim. Acta, 1961, §, 536 
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Perkins, and Toennies's method * and after five crystallisations from light petroleum (b. p. 
40—60°)—ethyl acetate had m. p. 55-2—55-6°, cycloHexyl hydroperoxide was prepared as 
described by Walling and Buckler * and purified, as were commercial samples of a-cumyl and 
tert.-butyl hydroperoxide, by successive regeneration from the sodium salt followed by fractional 
distillation. cycloHex-2-enyl hydroperoxide was isolated from thermally autoxidised cyclo- 
hexene as described by Barnard and Hargrave.” The purities of these hydroperoxides were 
respectively 99, 97, 99, 100, and 86% based on their peroxidic oxygen content.” For cyclohex 
2-enyl hydroperoxide the close agreement of the intensity of its OH stretching band (based on 
purity) with those of the pure hydroperoxides, together with the absence of bands due to other 
hydroxylic materials, indicates that the impurity can be considered inert in the bonding equili 
bria now considered. A similar conclusion was reached by Bateman and Hughes ™ in their 
study of the kinetics of decomposition of this hydroperoxide 


RESULTS AND DISCUSSION 

The Figure shows plots of P,? against (P, — P.)' for a series of hydroperoxides 
together with phenol, thymol, and fert.-butyl alcohol. True linearity is achieved only at 
low values of P,. The determination of the correct slope of the line is facilitated, however, 
by the fact that all lines should theoretically pass through the point (0, Sg"). The 
deviations suggest the participation of the hydroxylic component in other equilibria, vsz., 
(a) by the intermolecular association of the hydroxylic component, n(ROH) == (ROH),, 
or (b) by the further bonding of the sulphoxide~hydroperoxide complex with unassociated 
hydroperoxide (or hydroxylic component) : 


RO-H --- OSR’R” + R-OH = (RO-H --- O — SR’R”),ROH . (3) 


Intermolecular association would appear to be negligible in the present instance since 
seer’s law is accurately obeyed over the whole range of concentration in which P, falls 
If equilibria (1) and (3) are considered together it can be shown that 


Pot = (Po — Ps) (1 +4 2ksP.)K, 9 K,(1 + KsP.) 


where K, is the equilibrium constant for (3), By fitting this equation to the experimental 
points, reasonably consistent values of K, were obtained, in all cases less than 0-1K,. 
At low values of P, the bracketed terms in the above equation approximate to unity and 
a sensibly linear plot of P,} versus (P, — P.)"! should result, as actually found. It seems, 
therefore, that equilibria of the type (6) represent a likely explanation of the departures 
from the simple theory. 

lable 2 presents the values of K, derived from the Figure, together with literature 
values of pK, where available and, for the hydroperoxides, the second-order rate constants, 


TABLE 
LO%h, 


pk, (mole! 1, se 


Phenol S14 095 
Thymol 10-49 
1-Tetralyl hydroperoxide 

cycloHex-2-enyl hydroperoxide 

z-Cumyl hydroperoxide 

cycloHexyl hydroperoxide 

lert.-Butyl! hydroperoxide .,......ceccsserseseseerererseees 


1s4 
165 
126 
108 


ov 


ky, for the reaction with cyclohexyl metiiyl sulphide. It will be observed that the desired 
correlation exists between these rate constants and the values of K, with the exception of 
those for «-cumyl hydroperoxide. Apart from this exception, log K, plotted against pK, 
gives a substantially straight line (pK, = 19-2 — 3-89 log K,) from which interpolated 
values of pX, can be obtained. 
Nussle, Perkins, and Toennies, Amer. ], Pharm., 1935, 29, 107 
* Walling and Buckler, /. Amer. Chem. Soc., 1953, 75, 4372 


' Barnard and Hargrave, Analy!. Chim. Acta., 1951, §, 476 
Bateman and Hughes, /., 1952, 4594 
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The same value of K, for a-cumyl hydroperoxide was derived by relating the intensity 
of absorption at either of the two frequencies quoted in Table 1 to concentration (P,). 
However, since this hydroperoxide alone did not obey the correlation between K, and kp, 
the significance of the two bands at 3535 and 3510 cm.~! was further examined. Repeated 
purification cf the sample, or the use of samples from other sources, did not alter the ratio 
of the intensities of the two bands, which also remained constant over a wide range of 
concentration and in the presence of sulphoxide. Significantly, in benzene solution the 
liydroperoxide exhibited only one band at 3500 cm.", Other hydroperoxides in benzene 
gave a shift in the OH band position from that observed in carbon tetrachloride-cyclohex- 
2-eny! hydroperoxide from 3540 to 3494 cm.-! and fert.-butyl hydroperoxide from 3543 
to 3496 cm.~!. 

hese observations suggest that in dilute solution in carbon tetrachloride an equilibrium 
exists between two forms of a-cumyl hydroperoxide. One form is completely unassociated 
and gives rise to the absorption at 3535 cm.~’. The other, in which an intramolecular 
interaction between the OH group and the benzene ring occurs, is responsible for the 


a 


Determination of K,. 


A, phenol, 
B, thymol 
C, 1 -tetralyl hy ent vr 
D, cyclohex-2-enyl hydroperoxide, 
EE, cyclohexyl hydroperoxide, 
F, tert.-butyl hydroperoxide. 
G, a-cumyl hydroperoxide (uncorrected), 
H, tert.-butyl alcohol. 
Experimental points relating to A, B, and 
C only are shown but the remainder show 
the same form of curvature. 


absorption at 3510 em.!, Support for this interpretation was obtained by examining 
the following closely related compounds (002m solutions in CCl,), Phenethyl alcohol 
has a doublet at 3627 and 3608 cm.~!, whereas 2-cyclohexylethy] alcohol has only one band 
at 3630 cm.-!.  aa-Dimethylbenzyl alcohol has one slightly asymmetric band at 3618 cm."', 
but 2-benzylpropan-2-ol has a doublet at 3615 and 3600 cm.'. These results indicate 
that (1) the presence of a benzene nucleus is necessary for the splitting of the OH band, 
and (2) the relative position of the OH group and the benzene nucleus is critical. Models of 
2-benzylpropan-2-ol, 2-phenylethyl alcohol, and a-cumyl hydroperoxide indicate that, 
unlike a«-dimethylbenzyl alcohol, these can attain a configuration in which the OH group 
and the benzene nucleus are very close. 

Although such interaction between an OH group and an aromatic ring is well recognised, 
little is known about its precise nature. Fox and Martin * and Tuomikoski ™ discussed 
the splitting of the OH band in benzyl alcohol with reference to this type of interaction 
and Buswell, Rodebush, and Whitney “ interpreted the spectra of some phenyl-substituted 
vinyl alcohols on this basis. Mecke !* observed a splitting of the second overtone of the 
yvOH band in phenol when examined in dilute solution in benzene. He attributed this to 


1? ox and Martin, Trans. Faraday Soc., 1940, 36, 807 

* Tuomikoski, Suomen Kem., 1960, 23, B, 44 

‘4 Buswell, Rodebush, and Whitney, /. Amer. Chem. Soc., 1947, 68, 770 
‘S Mecke, Discuss. Favaday Soc., 1960, 9, 161 
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the fact that the solvent molecule may have its molecular plane either perpendicular or 
parallel to the OH bond. 

If, in the bonding equilibrium of acumyl hydroperoxide with cyclohexyl methyl 
sulphoxide, the hydroperoxide in its normal configuration, R-O-OH, is also in equilibrium 
with the intramolecular bonded form [R-O-OH}, : 


R-0-0OH = [R-O-OH)],; equilibrium constant, K, 


then equation (2) becomes (1 + K,)P,>! = (Py — P,»)4K,S, — Ky, where P,, is the 
value of the hydroperoxide concentration derived from the linear relation between concen- 
tration and the optical density at either band maximum. [If it is assumed that the true 
molecular extinction coefficient (e.,.) of the unassociated OH band at 3535 cm. is 87 
(see below) then K, may be evaluated from the expression (ey,/espp,) — Las 1-175. Plotting 
(1 + KP, against (P, — P,,)"!, K, for «-cumyl! hydroperoxide now becomes 41, a value 
which places it, in terms of acid strength, between cyclohex-2-eny] and eyelohexyl hydro- 
peroxides in agreement with the kinetically determined order. 

In assuming the value 87 above for the molecular extinction coefficient of the 
unassociated OH band at 3535 cm.~!, I-tetralyl hydroperoxide was ignored because of the 
slightly asymmetric nature of its OH band. This suggests the occurrence of an intramole- 
cular association similar to that proposed for a-cumy] hydroperoxide and examination of 
the structure confirms that such a possibility exists. However, in view of the very small 
shift, which is insufficient to enable the bands to be resolved, K, must be negligibly small 
and hence the true value of K, for 1-tetralyl hydroperoxide will approximate very closely 
to that given in Table }. 


This work forms part of a programme of research undertaken by the Board of the British 
Rubber Producers’ Research Association. 


British Russer Propucers’ RESEARCH ASSOCIATION, 
TeEwiIn Roap, Wetwyn GARDEN City, Herts. [Recewed, December 23rd, 1955.) 


557. The Spectra of Some Solid Cobaltic Nitroammines and 
Certain Other Cobaltic Complexes in the 2—15 » Region. 


By I. R. Beatie and H. J. V. Tyrree. 


The infrared spectra of all the available compounds containing the group 
ing (Co™(NO,),(NH;,),_,], which bears a charge of (3 — m) negative units, 
and of some other related compounds, have been examined in potassium 
bromide discs. In the intermediate compounds the spectra below 1400 em. 
depend to some extent upon the stereochemistry of the complex. It is not 
possible to associate bands in this region with particular ligands 


Tue infrared spectra of a number of complex compounds of Co"™' have been examined 
previously. However, no systematic study of the effect of the substitution of one ligand 
by another has been attempted. It is possible to prepare most of the compounds, including 
some of the isomers, in the series containing the grouping [Co'(NO,),(NH,),_,], the charge 
on which is (3 — ) negative units, This paper describes the spectra observed in potassium 
bromide discs between 2 » and 15 yp for all the known compounds of this series, and their 
interpretation insofar as this is possible. Some related compounds were studied to assist 
in the analysis. 

The octahedral arrangement of ligands about a hexaco-ordinated Co™ atom is well 
authenticated. The terminal members of the series, the hexa-amminecobaltic compounds 
and the cobaltinitrites, both belong to the symmetry group O, if free rotation occurs about 
the cobalt-nitrogen bonds. The intermediate members possess a lower degree of symmetry. 
Geometrical isomers are theoretically possible where m = 2, 3, and 4, the cis- being less 
symmetrical than the trans-form. For this reason it has been suggested that the infrared 
spectrum of the cis-isomer of [Co™(NO,),(NH;),)X should show more absorption bands 
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in the 2—15 yw region than the corresponding trans-isomer.' A detailed interpretation 
of the spectra is hindered by the fact that it is usually necessary to examine these com- 
pounds in the solid, polycrystalline state, where the normal selection rules do not necessarily 
apply. Further, some fundamental frequencies of an entity containing an atom as heavy 
as cobalt may lie beyond 15 yu, the normal limit of examination. In ammines, the NH, 
ligand attached to a central atorn has been likened to a methyl group linked to a heavy 
organic residue.* Kobayashi and Fujita® identify the band near 800 cm."!, observed in 
all ammines, as an N~metal stretching frequency, but there is little evidence for this. 

To interpret the spectra of these complexes as arising solely from the vibrations of the 
ligands attached to the central metal atom would imply that the spectra of compounds 
containing both nitro- and ammine-groups should be (approximately) the sum of the 
spectra observed for the hexa-ammine and the cobaltinitrite. This is not entirely true. 
The results for the compounds examined are given in the Table and discussed below in 
detail for each spectral range. 

(i) The N-H stretching bands of ammines occur near 3000 cm.'. No fundamental 
bands would be expected for this region in the spectra of cobaltinitrites. Those observed 
are presumably due to the presence of a small amount of water. The frequencies recorded 
for bands in this region are approximate. 

(ii) A weak diffuse band, sometimes complex, was found for all the compounds examined, 
in the region of 1600 cm.-", In the case of ammines, this has been variously interpreted 
as a deformation frequency of the NH, group,* or a degenerate deformation mode of NH, 
attached to acentral group.* The precise position of this band is difficult to obtain because 
of its shape. This may account for the difference between the values obtained in this 
work (1570 cm.? for [Co(NH,),CIjCI,) and that of Mizushima ef al.* (1600 cm.-4). A 
similar band in the spectrum of potassium cobaltinitrite might be assigned to an N-metal 

tretching frequency, were it not for its high frequency and the observed shift in passing 
from hexa-amminecobaltic chloride to the corresponding deuterated complex.* The 
similarity of the two bands must therefore be accidental. 

(iii) A strong band in the region of 1400 cm.~! in the spectrum of all the compounds 
examined which contained a nitro-group is absent from those without such a group. In 
potassium cobaltinitrite it can be resolved into a doublet (1396, 1381 cm.~“), and in many 
of the other compounds containing fewer nitro-groups it is possible to distinguish a shoulder 
on the low-frequency side of the main band. In two instances the complex contained a 
nitrate anion. A strong band characteristic of this appeared at a slightly lower frequency 
(1382-1386 cm.), without appreciably affecting the band due to the nitro-group in the 
complex cation. The observed differences in the frequency of this band cannot be asso- 
ciated solely with changes in the groups round the central atom, since appreciable changes 
occur when the ion outside the complex is changed: 1412 cm,-! in NH,{Co(NH,),(NO,),), 
and 1430 cm.-! in the corresponding potassium salt. In this region there is no distinct 
band corresponding to the absorption of the ammonium ion. According to Miller and 
Wilkins,* sodium cobaltinitrite shows a single strong band at a higher frequency (1430 
cm.~') than the potassium salt. These authors examined their substances as mulls. The 
Nujol bands lie on either side of this sodium cobaltinitrite band and it may be for this 
reason that a doublet was not observed. In simple nitrites, except silver nitrite, no strong 
band is observed near this frequency. It must therefore be associated with the vibrations 
of a nitro-group attached to a heavy atom, and the appearance of a rather similar band 
in the spectrum of silver nitrite * suggests that this is not a simple ionic structure. 

(iv) Potassium cobaltinitrite, sodium cobaltinitrite,* and hexa-amminecobaltic chloride ' 
all show a single strong band at or near 1330 cm.!. In the case of the last-named 
compound, the band is identified as the symmetrical deformation frequency of the 
NH, group attached to a heavy atom.? When compounds containing both nitro 
and ammine-groups in the complex are examined, some rather complicated absorption 


* Faust and Quagliano, J. Amer. Chem. Soc., 1964, 76, 5346. 

Mizushima, Nakagawa, and Quagliano, /. Chem. Phys., 1955, 28, 1367. 
' Kobayashi and Fujita, tbid., p, 1354 

Miller and Wilkins, Analyt. Chem., 1952, 24, 1253 
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bands appear in this region. If one nitro-group is introduced into the complex to 
form (Co(NH,),NO,)Cl, only one band is observed at 1313 cm.'. In all the other mixed 
ammine-nitro-complexes two or more bands appear near 1300 cm.-!. The spectrum of 
trans-(Co(NH,),(NO,),/Cl shows a pair of widely separated bands (1319, 1251 cm.~') 
very similar in position, though not in shape, to those in the spectrum of érans- 
K{Co(NH).(NO,),) (1328, 1266 cm.-') and trans-NH,{Co(NH,),(NO,),} (1323, 1266 cm.-4). 


Position of important bands in certain Co'" complexes. 
Wave-number range (cm.~): > 3000 1700-1500 1430 


K,{Co(NO,), ssbadsecnctoel ly 1396 1381 

8 8.5 a5 
trans-NH,{Co(NO,),(NH,),} 3300 3200 : 1412 

8. Ss $54 
trans-K(Co(NO,),(NH,),) 3300 3200 163 143055. 1400 w.S. 1366 


w ( wS 
trans-(Co(NO,),(NH,),) «.. 3200 3220 2% 1419 1388 Sh 1360 1328 1320 


c ; m.S Sh.” 8 
cis-[Co(NO ).(NH,),)NO,... 3290 3180 1630 1565 1420s 1386 D.* 1343 1326 1316 


c we sf Sh "'s 
cts-[Co(NO,),(NH,),jCL ... 3270 3140) 1625 1567 1430 1406 1374 1358 1312 1302 


—_— —— -—y 


j ( wie sf m.S. mS vs. 
trans-[Co(NO,),(NH,),)C1 3310 3260 1615 1423 1407 1361 1319 


w.f vs. w.5 vs. D 
) 1658 1639 1608 IS82°* 1325 
4 , 


¥ 


[Co(CO,)(NH,),)NO, . 3245 314 
. w 


NH,),CICI, .. ... 8219 3243 57 1309 


3273 3163 5 1313 


Wave-number range (cm 1400. 1250 


K,{Co(NO,), 
trans-NH, Ce )a( se! 1266 6.5 
trans-K{Co(] (NH, +» 1289 w.Sh 1266 8.5 
trans-[Co(NO,),(NH 1290 s. 1251 w.S 803 Sh 


ant 


ava 


Co(NO,),(NH,),)NO, ... 1299s 1253 w.S 822 
Co(NO,),(NH,),)C1 


trans-|Co(NO,),(NH,),)C1 .. 


iN " oan « re 7 AE S 
0(CO,)(NH,), JNO, 1268 Sh { 769 m 


o(NH,),C1 Cl, 838 m.D 
o(NH,),NO,)CI, ; s41 8245 
—— 
Very strong strong m, medium; v ma k S. sharp; D. diffuse; C. complex; Sh 
shoulder 
* NO,” frequency 

On the other hand, cts-[Co(NH,),(NO,),/Cl has two absorption bands, barely resolved, at 
1302 and 1312 cm.". A similar, more clearly resolved, pair is observed for the 
corresponding nitrate (1316, 1299 cm.1), Unfortunately, cis-diamminetetranitrocobaltic 
compounds have not been prepared. The weak bands at about 1330 and 1260 cm. 
observed in the cis-tetramminedinitrocobaltic salts may be due to traces of the trans- 
compounds in the specimens examined, The non-electrolyte, [Co(NH,),(NO,),), which 
is now known to have the trans-configuration * has a pair of strong bands at 1320 and 1290 

® Tanito, Saito, and Kuroya, Bull, Chem. Soc Japan, 1952, 26, 188. 
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cm.~' in addition to other weaker bands. These strong bands are separated by an amount 
less than that observed for the above tvans-compounds and more than that found for the 
cis-compounds, 

It might be argued that one of the pair of strong bands observed for all such compounds 
in this region can be identified with the nitro-, and the other with the ammine-groups, but 
together they appear to be more characteristic of the complex as a whole. In the case of 
the dinitrotetra~ammine and tetranitrodiammine salts, their position seems to be governed 
more by the symmetry class to which the molecule belongs than by its formula. 

In almost all the compounds examined which contained both nitro- and ammine- 
groups a sharp weak band appeared in the neighbourhood of 1360 cm.+, This did not 
appear in any of the compounds from which this combination of groups was absent. 

(v) Although both cobaltinitrites and cobaltammines, in common with other ammines, 
show absorption bands between 750 and 900 cm.~!, the bands are quite different in appear- 
ance. Cobaltinitrites show a strong sharp band at about 830 cm."!, a similar but apparently 
weaker band being found in simple nitrites.4 Ammines such as hexa-ammine- and penta- 
amminechloro-cobalt chloride, show broad bands of medium strength at 830—840 cm."1. 
Possible assignments of this band have been given earlier, the best being that due to 
Mizushima et al.* as a rocking mode of the NH, group attached to the central atom. The 
spectra of penta-~amminenitrocobalt chloride, and of the salts of the diamminetetranitro- 
cobalt complex, appear to be a simple superposition of the broad ammine band and the 
sharp band characteristic of the nitro-group. In the spectrum of Erdmann’s salt and its 
potassium analogue, the presence of the broad ammine band is only shown by the skewness 
of the observed sharp band. The neutral compound has a rather indefinite broad band 
centred at about 820 cm.~!, the spectrum varying slightly from sample to sample with the 
mode of preparation. The cis- and the érans-tetra-amminedinitro-complexes each show a 
set of three overlapping bands, which however differ markedly in position. Thus, the 
cis-compounds, and tetra-amminecarbonatocobaltic nitrate from which these were made, 
show a diffuse band of medium strength at 844 or 849 cm.-! overlapping a strong band 
at 825 or 833 cm. ', and a weaker band or shoulder at a frequency about 5 cm. lower. 


rhe trans-complex, which does not show the medium-strength diffuse band at 840—850 
cm.', gives two overlapping bands at 828 and 819 cm.' with a much weaker band at 
794 cm.*. Any attempt to assign these bands in a simple manner to ligand frequencies 
must fail for such compounds. It should be noted that the similarity observed in the 1300 
cm. ! region for the trans-tetra-amminedinitro- and diamminetetranitro-complexes is not 


found in the lower frequency region, between 750 and 900 cm,-'. 


The principal points arising from this work are as follows : 

(a) Cobaltinitrites and hexa-ammine-cobaltic salts have many similarities in their spectra. 
In the mixed ammine-nitro-complexes only the strong N-H stretching frequency at above 
3000 cm. ', and a band characteristic of the —NH, ligand at 1400—1430 cm.-1, can be 
identified as characteristic ligand frequencies. (b) Frequencies below about 1400 cm.* 
cannot be assigned to individual ligands in these mixed complexes, however reasonable 
this may seem to be for the end members. Both classes of compound have bands in 
similar positions, especially below this frequency. The absorption bands, especially in 
the 1300 cm. ' region, are particularly complicated in the intermediate compounds, those 
with closest similarities being also stereochemically similar. (c) By examining the spectra 
of the complexes in the 1300 and the 850 cm.* region, it is possible to distinguish the 
geometrical isomers of the tetramminedinitrocobaltic complex. 


E-xpevimental,Infrared spectra were measured on a Grubb-Parsons double-beam spectro- 
meter. The specimens were prepared in the form of potassium bromide discs, 1:27 cm. in 
diameter. A similar disc prepared from the same specimen of potassium bromide was used 
in the reference beam. The frequencies recorded are not more than 3-4 cm.“ in error in the 
1300— 1400 cm.“ region, or more than 1 cm.“ in the 850 cm. region. 

The complexes studied were prepared by methods described in the literature. Since these 
compounds are analytically well characterised, and impurities are similar in composition to the 
required product, it was considered preferable to prepare samples of any given complex by 
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several different methods and examine their spectra individually, rather than carry out 
individual analyses. Purification of each sample was also followed by determining the infrared 
absorption at each stage. The most suitable reference compounds are ; [Co(NH,),]*~, Erdmann’s 
salt, refs. 6,7; cts- and trans-[Co(NH,),(NO,),]* and (Co(NH,),(CO,)]*, ref. 7; [Co(NH,),(Cl)}** 
and [Co(NH,),(NO,)}*, ref. 8. 


Tue University, SHtrrrecp. (Received, January 12th, 1956] 

* Thomas, ‘ Compler Sale,” Blackie and Sons, Glasgow, 1924, p. 116 

? Biltz and Biltz, “ Laboratory Methods of Inorganic Chemistry,’ /iall, Blanchard, Wiley & Sons, 
New York, 1928, p. 172. 

* Jorgensen, Z. anorg. Chem., 1894, 5, 168; 1898, 17, 463. 


558. Potential Antituberculosis Agents of the Indole Series. 


By F. P. Doyie, (Mrs.) W. Ferrier, D. O. Hottanp, M. D. Menta, 
and J. H. C. NAYLer. 


A series of indole derivatives has been prepared and tested for anti- 
bacterial activity. Antituberculous activity in vivo was found to be limited 
to 3-formylindole thiosemicarbazone. 


3-FORMYLINDOLE thiosemicarbazone has recently been reported to have antituberculous 
activity in mice. This observation, made independently in these laboratories some years 
ago, stimulated us to prepare indole analogues of several known antituberculosis agents. 

The thiosemicarbazones of 2- and 3-formylindole and of 3-indolylglyoxylic acid * were 
prepared by the usual method which, however, failed with ethy! 3-indolylglyoxylate. 

Indole-2-carboxyhydrazide was readily prepared* by the action of an excess of 
hydrazine hydrate on the ester; attempts to prepare the 3-carboxyhydrazide and the 
2- and 3-carboxyamide similarly from the esters were unsuccessful, so these derivatives 
were obtained through the acid chlorides. Ethyl 3-indolylglyoxylate on the other hand 
readily gave the hydrazide and the known amide. 

Indole-2- and -3-thiocarboxyamide were prepared from the corresponding nitriles, 
themselves obtained in good yield by the dehydration of the amides with phosphorus 
oxychloride. Dehydration of 3-formylindole oxime ® with thionyl chloride also gave a 
high yield of the 3-nitrile. Majima et al.* prepared this nitrile by the reaction of cyanogen 
chloride with 3-indolylmagnesium iodide, but use of the more reactive cyanogen bromide 
in our hands gave only an intractable gum. 

Indole-2-thiocarboxyamide was readily prepared from the corresponding nitrile by the 
pyridine-hydrogen sulphide method of Fairfull, Lowe, and Peak,’ but the 3-thioamide was 
obtained only by carrying out the reaction under pressure. An attempt to prepare the 
3-thioamide from the amide and phosphorus pentasulphide in pyridine merely caused 
dehydration and gave the corresponding nitrile in excellent yield. 


f X , yo" ( ye R-C(OEt)INH,Cl_ ——_-R-C(NH,)N-NHPh 
| (Iv) 


NR’ (I) (11) (IIT) 


Indole-3-thiocarbox yamide was also obtained by the action of cold methanolic ammonia 
on methyl indole-3-dithiocarboxylate (1; RK = Me, KR’ «= H). This ester was obtained 
from indole-3-thiocarboxymorpholide (itself prepared from 3-formylindole, morpholine, 
and sulphur by the Willgerodt-Kindler reaction) by treatment with methy! iodide followed 


? Weller, Sell, and Gottshall, J, Amer. Chem. Soc., 1954, 76, 1969 

* Elks, Elliott, and Hems, J., 1944, 629. 

* Piccinini and Salmoni, Gazzetta, 1902, 32, I, 252 

* Baker, /., 1940, 458; Oddo and Albanese, Gazzetla, 1927, §7, 827. 
* Pschorr and Hoppe, Per., 1910, 43, 2549 

* Majima, Shigematsu, and Rokkatu, Ber., 1924, 57, 1455 

’ Fairfull, Lowe, and Peak, J., 1962, 742. 

* Peak and Stansfield, /., 1952, 4067. 
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by hydrogen sulphide in pyridine.* Treatment of the crude dithio-acid (I; 

Kk’ - H)* with methyl sulphate and alkali gave, not the expected ester (I; R = Me, 
K’ -~ H), but a dimethylated product for which the indolenine structure (II) is considered 
more probable than the l-methyl alternative (1; R = R’ = Me) 

2-Cyanoindole was readily converted into the imidic ester hydrochloride (IIIf; R 
2-indolyl) by the Pinner reaction in ether solution, but the 3-indoly] isomer was formed only 

lowly at elevated temperatures in the presence of an excess of hydrogen chloride. 

Ihe hydrochloride of N-indole-2-carboxyimidoyl-N’-phenylhydrazine (IV; kK 
2-indolyl) was obtained from the imidic ester (III; R == 2-indolyl) by reaction with pheny!- 
hydrazine in ethanol at room temperature. The use of boiling chloroform as a solvent led 
to contamination of the product with ammonium chloride. Treatment of the 2-thioamicle 
with phenylhydrazine in pyridine containing mercuric chloride gave the same product."! 


Activity in vitro against M.tb.H37 Rv 
(Maximum effective dilution, w/v) 
Dubos Proskauer & Beck 
Indole deriv medium medium 
P — 1 : 20-——40,000 1: 1,280,000 
2-CO'NH'NH, ... 1 : 20,000 1: 40-—80,000 
2-CH:N-‘NH-CS‘NH, 1 : 320,000 1 : 1,280,000 
2-C(NH,):N*-NHPh <1: 10-—20,000 1: 40-—80,000 
3-CHIN*'NH-CS’NH, 1 : 320,000 1 : 320,000 
3-C(NH,):N-NHPh 1 : 20,000 1 : 80,000 


2-LyNH 


The hydrazine (IV; R == 3-indolyl) and the corresponding hydrochloride were similarly 
prepared from the imidic ester (IIL; R =< 3-indolyl), 

Although several of the compounds described were found to have considerable anti 
tuberculous activity in vitro, only 3-formylindole thiosemicarbazone was significant], 
active im vivo when tested in mice, Jn vitro results are listed in the Table (compounds not 
mentioned were not active at 1 : 20,000), None of the compounds showed marked activity 
against a small range of Gram-positive and Gram-negative bacteria 


EXPERIMENTAL 

2- and 3-Formylindole Thiosemicarbazone.-The crude aldehyde * was crystallised from 
aqueous methanol to give 2-formylindole as buff-coloured plates, m. p. 141—-142° (Found: C, 
73-8; H, 51; N, 10-2. C,H,ON requires C, 74-5; H, 4:8; N, 97%). Its thiosemicarbazone, 
dark buff needles (from 50% aqueous ethanol) had m., p. 229° (decomp.) (Found: C, 55-7; H, 
4-7; N, 25-0; S, 146. C,,H,)N,S requires C, 55-0; H, 4:6; N, 256-7; S, 14:7%). Similarly, 
the 3-aldehyde “ gave the thiosemicarbazone ! as colourless needles, m. p. 226—227° (decomp. ) 
(Found: C, 55-4; H, 46; N, 26-4; S, 14-7%). 

3-Indolylglyoxylic Acid Thiosemicarbazone,.—-Ethy] 3-indolylglyoxylate (5 g.) was hydrolysed 
as described by Elks et al.,* and the resulting moist acid in ethanol (40 ml.) gave the thtosemi 
carbazone (3-3 g., 825%) as yellow needles (from 50% aqueous ethanol), m. p. 203—204° 
(decomp.) (Found; C, 47-2; H, 46; 5, 11-1. C,,;H,O,N,5,H,O requires C, 47-1; H, 43; 5, 
114% 

3-/ndolylglyoxylhydraside,Hydrazine hydrate (2-5 g.) and ethyl 3-indolylglyoxylate ? (5 g 
in boiling methanol (100 ml,) gave the hydrazide (4-65 g., 99%), yellow needles (from ethanol 
m, p, 221--222° (decomp.) (Found: C, 59-1; H, 4:5; N, 20-7, C,,H,O,N, requires C, 59-1 
H, 4:5; N, 20-6%) 

I ndole-2-carboxyamide,—-Indole-2-carbonyl chloride “ (derived from the acid, 29 g.) in dry 
ether (500 ml.) was added to a stirred solution of liquid ammonia (200 ml.) in dry ether (1 | 
After 24 hr. the white solid was collected and washed with water. The residue (15 g., 52%), 
crystallised from 50%, aqueous ethanol, gave the amide as colourless needles, m, p. 235° (Found 
C, 67-0; H, 6-4; N, 16-8, .C,H,ON, requires C, 67-5; H, 5-0; N, 17-5%) 

2-Cyanoindole.—-Indole-2-carboxyamide (5 g.) and phosphorus oxychloride (25 ml.) were 

* Oddo and Mingoia, Gaeretta, 1926, 66, 782 

Ct. Jerschel and Fischer, Annalen, 1951, §14, 
Cf. van der Burg, Ree, Trav. chim., 1956, 74, 25 

'* Taylor, Hele. Chim. Acta, 1050, 33, 164 

'" Tyson and Shaw, /. Amer. Chem. Soc., 1962, 74, 2273 

'* Johnson, thid., 1045, 67, 427 
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heated under reflux for 5 min., hydrogen chloride being copiously evolved. The cooled solution 
was poured on crushed ice (200 g.) and ammonia (50 ml.), further ammonia being added to 
maintain alkalinity. The brown solid (3-8 g., 86%) was collected and crystallised from 33% 
aqueous ethanol, to give the nitrile as fawn crystals, m. p. 101° (Found: C, 76-5; H, 4-0; 
N, 19-4. C,H,N, requires C, 76-1; H, 4:2; N, 19-7%). 

Indole-2-thiocarboxyamide.—-Dry hydrogen sulphide was bubbled through a solution of 
2-cyanoindole (7-6 g.) in pyridine (25 ml.) and triethylamine (7-5 ml.) for 3 hr. Dilution with 
water gave a yellow solid (9-2 g., 98%), which crystallised from 70% aqueous ethanol to give the 
thiocarboxyamide as fawn needles, m. p. 209° (Found: C, 61-4; H, 49; N, 15-9. C,H,N,S 
requires C, 61-4; H, 4-5; N, 15-9%). 

Ethyl Indole-2-carboxyimidate Hydrochloride.—Dry hydrogen chloride (5-5 g.) was absorbed 
into a solution of 2-cyanoindole (17-8 g.) in dry ether (75 ml.) and dry ethanol (8 ml.) at 0°, 
After 3 days at 0° the crystals were collected and washed with dry ether, to give crude ethyl 
indole-2-carboxyimidate hydrochloride (19 g., 67%) which crystallised from chloroform (450 m1.) 
as pale buff needles, m. p. 151-5° (Found: N, 13-1; Cl, 15-6. C,,H,,ON,Cl requires N, 12-5; 
Cl, 15-8%). 

N-Indole-2-carboxyimidoyl-N’-phenylhydrazine.—(a) Phenylhydrazine (1 ml.) was added to 
a suspension of ethyl indole-2-carboxyimidate hydrochloride (2-2 g.) in dry ethanol (20 ml.) 
The mixture was warmed slightly to dissolve the reactants and then kept for 3 days at room 
temperature. The solid (0-9 g., 28%) that had separated was filtered off, and recrystallised 
from ethanol, to give the phenylhydrazine hydrochloride as colourless needles, m. p. 129° (Found : 
C, 61-7; H, 6-8; N, 17-2; Cl, 10-9. C,,H,,N,CLC,H,O requires C, 61-4; H, 63; N, 16-9; Cl, 
10-7%). Removal of the ethanol of crystallisation was not effected by further drying and 
attempted crystallisation from glacial acetic acid gave products of varying and higher m. p.s 
with unsatisfactory analyses. 

(b) Ethyl indole-2-carboxyimidate hydrochloride (2-2 g.) was added to a solution of pheny!l- 
hydrazine (1 ml.) and triethylamine (1-4 ml.) in dry ethanol (15 ml.). After 48 hr, at room 
temperature, the solution was diluted with water. The precipitated phenylhydrazine, that 
rapidly solidified (2-15 g., 87%), formed from benzene fawn crystals, m. p. 187° (Found: C, 
72-3; H, 5-8; N, 22-5. C,,H,,N, requires C, 72-0; H, 5-6; N, 224%). Ethanolic hydrogen 
chloride gave the hydrochloride, m. p. and mixed m. p. 129°. 

(c) Indole-2-thiocarboxyamide (1 g.) was added to a solution of mercuric chloride (1:54 g.) 
and phenylhydrazine hydrochloride (0-82 g.) in dry pyridine (30 ml.), After 10 minutes’ boiling 
under reflux mercuric sulphide was removed and the filtrate cooled and diluted with water 
The precipitated phenylhydrazine (1-2 g., 85%) was collected and recrystallised from benzene, 
m. p. and mixed m. p. 187° (Found: C, 72-5; H, 5-1; N, 224%). 

Indole-3-carboxylic Acid..—The following modification of Majima’s method gave reproduc 
ible results. Indole (11-8 g.) i. anhydrous ether (20 ml.) was added slowly at 0° to the Grignard 
reagent from magnesium turnings (4-8 g.) and ethyl iodide (32 g.) in anhydrous ether (100 ml.) 
Reaction was completed by 30 minutes’ stirring at room temperature and then 1-5 hours’ boiling 
under reflux. The resulting cwo-layer mixture was cooled to 0° and then added slowly, with 
stirring, to a large excess of powdered solid carbon dioxide. After evaporation of excess of 
carbon dioxide, water (100 ml.) was added cautiously with cooling, and the resulting mixture 
was acidified with glacial acetic acid. The ether layer was separated after the removal of a 
little magnesium powder, and the aqueous layer was extracted with ether. The combined 
extracts were washed with dilute sodium carbonate solution, dried (MgSO,), and evaporated 
in vacuo, to give the crude acid (12 g., 75%). Trituration with ether and light petroleum, 
followed by recrystallisation from 40%, aqueous ethanol, gave colourless needles of the pure acid 
(4-6 g., 29%), m. p. 220-—-224° (decomp.), almost insoluble in ether. [Majima ™ gives m. p. 220° 
(decomp.).] 

I ndole-3-cavboxyamide,—Crude indole-3-carbony! chloride was prepared by stirring indole-3- 
carboxylic acid (13 g.) with thionyl chloride (130 ml.) at room temperature for 18 hr. The 
excess of thionyl chloride was evaporated in vacuo and the solid residue repeatedly evaporated 
with ether (50 ml. portions), The residue in anhydrous ether (150 ml.) was filtered and added 
to a cooled solution of liquid ammonia (100 ml.) in anhydrous ether (500 ml.). The resulting 
solution was left for 18 hr. The solid residue was collected, washed with water, and crystallised 
from water, to give the cream-coloured amide (6-8 g., 52%,), m. p. 196--197° (Found: C, 66-9; 
H, 4-7; N, 17-3. C,H ON, requires C, 67-5; H, 5-0; N, 17-56%). 


 Majima, Ber, 1922, 66, 3861; 1930, 63, 2237 
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I ndole-4-carboxyhydvazide.—-Indole-3-carbonyl chloride, prepared from the acid (2 g.) as 
above, in anhydrous ether (20 ml.) was added to a stirred solution of hydrazine hydrate (2-4 g.) 
in dioxan (20 mL) at 0°. After 30 min., the precipitate was collected and washed with dilute 
sodium hydroxide solution and water. The crude hydrazide (1-15 g., 53%) crystallised from 
ethanol as plates, m. p. 224—226° (decomp.) (Found: C, 62-0; H, 5-4; N, 242. C,H,ON, 
requires C, 61-7; H, 6-2; N, 24-0%). 

3-Cyanoindole.-(a) Indole-3-carboxyamide was dehydrated with phosphorus oxy- 
chloride (43 ml.) as for the 2-isomer, to give the nitrile (7-3 g., 95%), fawn needles (from 33%, 
ethanol), m. p. 177-—-178° (Majima ° gives m. p. 178°) (Found: C, 75-7; H, 4:5; N, 19-8. Cale, 
for C,5H,N,: C, 76-1; H, 42; N, 19-7%). 

(b) 3-Formylindole oxime (34 g.) was suspended in anhydrous ether (200 ml.), and thiony] 
chloride (110 ml.) added at such a rate that refluxing was maintained. When the reaction had 
subsided the ether and excess of thionyl chloride were removed in vacuo, leaving the crude 
nitrile (24-5 g., 94%) which crystallised from 33% aqueous ethanol as fawn needles, m. p. and 
mixed m, p. 177--~-178°, 

Indole-% thiocarboxyamide.—(a) Triethylamine (5 ml.) was added to the 3-nitrile (10-9 g.) in 
dry pyridine (30 ml.), and the whole saturated with dry hydrogen sulphide at room temperature, 
and then heated at 160° for 16 hr. {sealed tube), Dilution with water gave a dark oil which was 
extracted with ether, The extracts were dried (Na,SO,) and evaporated to an oil that crystal- 
lised (8-9 g., 66%). Reerystallisation from water and then toluene gave the thiocarboxyamide 
as pale yellow plates, m, p. 148-—-149° (decomp.) (Found; C, 61-3; H, 4-7; N, 16-6; 5S, 17-6. 
C,H,N,S requires C, 61-4; H, 4-5; N, 15-9; S, 182%). 

(b) Methyl indole-3-dithiocarboxylate (0-6 g.) in methanol (20 ml.) was saturated with 
ammonia at room temperature and set aside in a stoppered vessel for 24 hr. Evaporation of the 
methanol in vacuo and trituration of the residual oil with toluene-light petroleum gave the crude 
thioamide (0-26 g.), m. p. and mixed m. p, 148—149° (decomp.) after crystallisation from toluene. 

I ndole-3-thiocarboxymorpholide.—-3-Formylindole (17-5 g.), sulphur (5-8 g.), and morpholine 
(19-5 g.) in ethanol (45 ml.) were refluxed for 2 br. The resulting solution was cooled to 0°; 
after the separation of a little amorphous material the product crystallised (21-4 g., 72%). 
Kecrystallisation from ethanol gave the morpholide as yellow prisms, m. p. 171—172° (Found : 
C, 63-0; H, 6-3; N, 11-2, C,,H,,ON,S requires C, 63-4; H, 6-7; N, 11-4%). 

Methyl Indole-3-dithiocarboxylate,---Methy| iodide (3 ml.) and the morpholide (10 g.) in dry 
acetone (60 ml.) were refluxed for 20 min., during which an oil separated, then cooled, and 
treated with dry pyridine (10 ml.). The mixture was then saturated with dry hydrogen sulphide 
and kept for 18 hr., the acetone removed in vacuo, and the residue poured on crushed ice 
containing dilute hydrochloric acid. The resulting brown oil was extracted with ether and, 
after being dried (Na,SO,), the ether was evaporated, to leave an oil which crystallised on 
trituration with ethanol (4-9 g., 58%). Recrystallisation from benzene gave the ester as yellow 
needles, m. p. 108-—-109° (Found: C, 57-9; H, 44; N, 68; S, 30-7. Cy sH,NS, requires C, 
57-9; H, 44; N, 6-8; S, 30-9%). 

3-Dimethylthiomethyleneindolenine.—-The crude oily dithio-acid obtained by the action of 
carbon disulphide (30 g.) on 3-indolylmagnesium iodide (from indole, 23-6 g.) by the method of 
Oddo and Mingoia * was shaken with 12% w/v aqueous potassium hydroxide (100 ml.), and the 
resulting red solution filtered. Treatment of this solution with dimethyl] sulphate (20 ml.) gave 
an insoluble black gum (1-5 g.), which crystallised under ether. Recrystallisation from light 
petroleum gave yellow needles, m. p. 107--109° (mixed m, p, with methyl indole-3-dithio- 
carboxylate 63-—65°), which were probably 3-dimethylthiomethyleneindolenine (Found: C, 69-7; 
H, 49; N, 64; S, 20-4. C,,H,,NS, requires C, 69-7; H, 56-0; N, 63; S, 20-0%). 

Ethyl Indole-3-carboxyimidate Hydrochloride.-Dry hydrogen chloride was passed into a 
solution of 3-cyanoindole (10 g.) in tetrahydrofuran (100 ml.) and dry ethanol (4-2 ml.) for 
2-5 hr. at 45-—60°. After 14 days at 30--365°, the product (15-1 g., 96%) was collected and 
recrystallised from glacial acetic acid to give the ester hydrochloride, m. p, 173° (decomp.) (Found : 
C, 687; H, 63; N, 12-0; Cl, 16-1. C,,H,,ON,Cl requires C, 58-8; H, 5-8; N, 12-5; Cl, 
16:8%) 

N-I ndole-3-carboxyimidoyl-N ’-phenylhydrazine.—(a) Ethyl indole-3-carboxyimidate hydro- 
chloride (2 g.) was warmed with phenylhydrazine (1-9 ml.) in dry ethanol (40 ml.) to obtain 
complete dissolution. Ammonium chloride was removed after 16 hr. and the filtrate evaporated 
to a sticky residue which solidified under chloroform (yield, 0-7 g., 27%). It was collected, 
washed with a little water, and crystallised from glacial acetic acid, to give the solvated phenyl- 
hydrazine hydrochloride as colourless rhombs, m. p. 261° (decomp.) (Fotnd: C, 59-2; H, 5-5; 
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N, 15-9; Cl, 10-6. C,sH,,N,CI,C,H,O, requires C, 58-0; H, 5-5; N, 16-2; Cl, 103%). 
(6) The imidate hydrochloride (6-4 g.), phenylhydrazine (2-85 ml.), and triethylamine 
(4-0 ml.) in dry ethanol (40 ml.) were kept at room temperature for 16 hr, Dilution with water 
(150 ml.) gave an oil which solidified at 0°. The product (3-7 g., 66%) crystallised from ethyl 
acetate-ether, to give the phenylhydrazine as brown rhombs, m. p. 168-—-170° (decomp.) (Found ; 
C, 72-4; H, 5:8; N, 22-0. Cy sH,,N, requires C, 72-0; H, 5-6; N, 22-4%). Recrystallisation 
of the crude product from benzene gave a metastable form of the phenylhydrazine as brown 
plates, m. p. 154° (decomp.) (Found: C, 72:2; H, 6-2; N, 22.4%), which reverted to the stable 
form, m. p. and mixed m. p. 168—170°, after a few weeks at room temperature, 
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559. ‘The Anodic Oxidation of Copper-Tin (Speculum) Alloys at Very 
Low Current Density. 


By (the late) S. E. S. Et. Waxkkap, T. M. Sacem, A. M. Suams ExDin, 
and Z. HANAFI. 


The anodic oxidation of copper-—tin alloys in alkaline solutions at very low 
current density is examined. It is shown that when speculum is forced from 
the hydrogen evolution potential to the oxygen evolution value, a less than 
unimolecular layer of stannous hydroxide is formed which is further oxidised 
to stannic hydroxide. This is followed by the formation of less than a uni- 
molecular layer of cuprous oxide which is oxidised to cupric hydroxide, 
In acid solution the anode never rises to the oxygen evolution potential, It 
is shown that the alloys are more electronegative than their components, in 
agreement with Uhling and Woodside’s conclusions in their study on steel. 
The alloys studied contained 45 4. 5%, of tin. 


In continuation of previous work ! the anodic oxidation of copper-tin (speculum) alloys 
at very low current density has been investigated. Very little is known about the anodic 
oxidation of alloys in spite of their technical importance, and no relevant work has been 
published on speculum. 

Copper-tin alloys, being simple-phase alloys, are corroded in a uniform manner and 
the corroded surfaces are very smooth. However, under some conditions, especially in acid 
solutions, the corrosion proceeds irregularly, so that the grains stand out in relief and the 
metal is rough. Copper~tin alloys were found to have a very high corrosion rate (at least 
0-025 in. per day) in concentrated nitric acid. At first, the rate is high, but later decreases 
owing to formation of white metastannic acid on the surface.* In contact with copper-tin 
alloys, hydrochloric acid is one of the most corrosive of the non-oxidising acids. In sodium 
hydroxide solution, the corrosion rate was less than 0-01 in. per year at room temperature, 
The degree of aeration in this dilute solution was usually without appreciable effect. In 
non-oxidising alkaline salts, such as phosphates and carbonates, the copper-tin alloys are 
attacked at room temperature at rates less than 0402 in. per year. The colour of the 
tarnish or corrosion product depends on the atmosphere. 

Studies of the corrosion products of tin-bronze have shown the product to have decided 
periodicity. A cross-section of the corrosion layer on a 9:1 copper~tin alloy reveals 


1 El Wakkad, et al., (a) J. 1952, 461; 1953, (b) 3504, (c) 3608; 1964, (d) 3004, (ce) 3098, (/) 3103; 


Electrochem. Soc. Meeting, Cincinnati, Ohio, May 1955 
* Bulow, “ Corrosion Handhook,”” New York, 1948, where other references are cited 
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alternate layers of red cuprite and green malachite.* Derge and Markus * studied the 
corrosion of tin alloys containing copper in solutions of sodium carbonate. Time~-potential 
curves revealed promotion of passivity by the following cations: K*, Lit, NH,*, Ca**, 
Ke**, Cd**, Mn**, Ba’*t, Bitt, Mg**, Cutt, Pb**, Zn**, Ni**, Ag*. Oxygen induced 
passivity, but nitrogen increased the corrosion rate 

In the present study the anodic oxidation of speculum at very low current density was 
tudied in acid and alkaline solutions. With an electroplated speculum anode and a very 
mal! polarising current a considerable time is required for the electrode to pass from the 
hydrogen to the oxygen evolution value, and so equilibrium potential can be measured 
at each stage of the polarisation. The results also show that stannous hydroxide is first 
formed over the surface of the speculum anode, followed by stannic hydroxide, cuprous 
oxide, and cupric hydroxide successively before evolution of oxygen. 

From such a study it is shown that the alloys are more electronegative than their 


compon nt 


-XPERIMENTAL 

rhe electrical circuit and the electrolytic cell employed were as described by E] Wakkad 
ind Emara.4@ The speculum electrodes were prepared by electrodeposition from a bath as 
recommended by Silman. This was prepared by dissolving 80 g. of sodium hydroxide, 100 g 

nCl,,6H,0, 12 g, of cuprous cyanide, and 28 g, of sodium cyanide in 1 |. of water, and adding 
lc.c, of 6%, ammonia. The anodes were two copper and two tin electrodes placed alternately 
cach pair of anodes was connected to a separate circuit including a resistance and an ammeter 
lhe current imposed on the copper anodes was 6 ma/cm.,*, and that on the tin anodes was 
7ma/cm, The total areas of the copper and tin anodes were 2 and 3cm,* respectively. The 

were coated with a film as recommended by the Tin Research Institute. The cathode 

platinum foil of 2 cm.* apparent area. Deposition was carried out in an electrically 

bath at 65° 4 2°, 15 minutes’ heating giving satisfactory results. The electrodes were 
everal times with conductivity water before being placed in their compartment. 

\nalysis of the deposited alloy gave Sn, 45 + 5%. (This was checked by the Tin Research 

titute, to whom we express our thanks.) Each experiment was carried out with a freshly 
prepared electrode from a fresh bath, The electrode was placed in such a position with respect 
to the cathode as to insure uniform distribution of the polarising current at the anode surface 
lhe cathode was a platinum spiral about 2 cm. long and 0-1 cm. in diameter 

Measurements were made mainly in alkaline solution, viz., 0-1y-sodium hydroxide (pH 13), 
0-Im-sodium carbonate (pH 11-5), and 0-ImM-sodium borate (pH 9-2), but also in 0-In-hydro 
chloric and 0-In-nitrie acid. The solution in the cell was boiled before use and cooled in an 
itmosphere of pure nitrogen, to remove dissolved oxygen, 

The polarising current used was 30 ya/electrode for the hydroxide solution and 1 and 3 ua 
for the carbonate and the borate solution, respectively, With acid solutions, currents up to 
500 ws /electrode were used, In each solution each electrode was studied under those conditions, 
viz, anodic polarisation, cathodic polarisation, and anodic decay. The procedure adopted in 
obtaining the corresponding curves was as described before,'4 

rhe reference half-cell was a saturated calomel electrode prepared as described before.'4 
Che electrolytic cell and the reference half-cell were kept in an air thermostat at 25° + 0-01° 
he e.m.{. was measured with a calibrated metre bridge and an Onwood mirror galvanomete: 
having a sensitivity of 190 mm, per wa. All potentials quoted are on the hydrogen scale. 


RESULTS AND DISCUSSION 


Oo 


Curve A, big, 1, is the characteristic anodic polarisation curve for spec ulum (45 5%, 

1) at 26° with a polarising current of 30 pa in O-1N-sodium hydroxide; curve A, Fig. 2, 

is the same anodic polarisation curve in 0-1m-sodium carbonate solution for a polarising 
current of 1 wa/electrode. From these curves, which show the variation of the potential! 
of the speculum anode with the quantity of electricity passed, it can be seen that, at first, 
there is a rapid initial build up of potential, ascribed, by analogy with the cases previously 


* Calin, Pink, and Palushkin, Trans. Amer, Inst. Mining Met. Eng., 1936, No. 693 
* Derge and Markus, iwid., Tech. Publ. No. 1306, 1941 
iiman, “‘ Chemical and Electroplated Finishes,’ 1049, p. 323 
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studied,“ to the charging of the double layer, which is followed by four well-defined 
arrests before evolution of oxygen. Measurements from a large number of polarisation 
curves give an average value for the double layer capacity of 550 ur/electrode for the 
speculum anode under investigation in the hydroxide solution of pH 13. In the car- 
,onate solution, it was difficult to determine the capacity of the double layer because the 
potential of the electrodes, when made the cathode, was very near to the oxide potential 
at these extremely low currents (1 a). 

The first arrest after the charging of the double layer appears to start at —-0-01 v in 
sodium hydroxide and at —0-72 v in carbonate solution. The second, third, and fourth 
arrests appear to start at —0-S1, —-0-30, +0-00, and — 0-61, —0-17, 4-0-03 v, in the two 
vlutions respectively 
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In the following Table are shown the starting potential of these four arrests in the two 
electrolytes as compared with the equilibrium potentials of the systems Sn-Sn(OH),, 
sn(OH),-Sn(OH),, Cu-Cu,O, and Cu,O-Cu(OH),, which were obtained as follows: the 
free energies of Sn(OH),, Sn(OH),, CugO, Cu(OH),, OH, and H,O being taken respectively 
as --115,200, —266,000, —35,150, 85,500, —37,585, and — 56,690 cal.,® the free energy 
changes of the reactions are : 


Sn 4+. 2OH’ «= Sn(OH), + 2 40,030 cal 
Sn(OH), + 2OH’ « Sn(OH), + 2 35,630 cal 
2Cu 20H’ Cu,O 4+ H,O + 2e 16,670 cal 
and Cu,O0 + 2OH’ 4+- H,O — 2Cu(OH), +- 2e; 3990 cal 


and these give E°, (the potential value at the extreme alkaline range of pH) as —0-87, 

0-77, 0-36, and —0-087 v for the above four systems respectively. By applying the 
ordinary equation for the variation of the potential of these systems with pH, the values 
given in the following Table are obtained 


Starting potential (v) of arrests iquilibrium potential (v) of system : 
Sn Sn(OH), Cu Cu,O0 
Solution Ist 2nd 3rd 4th sn(OH), Sn(OH), Cu,0 Cu(OH), 
0-In-NaOH 0-91 O81 0°30 0-00 0-81 0-71 0-30 0-30 
O-ImM-Na,CO, 0-72 O61 O17 + 6-03 0-72 0-62 0-21 +-0-06 


®* |atimer, " The Oxidation States of the Elements and their Potentials in Aqueous Solutions,” 


New York, 1938, pp. 35, 137, 170 
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The agreement between the starting potentials of the four arrests as observed from the 
curves and the equilibrium values of the four systems leaves little doubt that these four 
steps in the anodic polarisation in such solutions correspond to the consecutive formation 
of stannous hydroxide, stannic hydroxide, cuprous oxide, and cupric hydroxide on the 
speculum anode before evolution of oxygen. 

The standard condition for the alloy was taken to be the carbonate solution. The 
quantities of electricity utilised in the passivation of the alloys were found to vary from one 
solution to another. In the carbonate solution the quantity of electricity passed from the 
beginning to the end of the first step was about 600 microcoulombs. Comparison of this 
amount of electricity with that obtained in the case of the tin electrode alone }’ shows 
that the alloys are of more electronegative character, as found also by Uhling and 
Woodside ? in their study on steel. 

The alloys prepared by electrodeposition are considered to have an area more or less 
comparable with those of both the tin and the copper electrode alone. Thus the quantity 
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of electricity passed in the first step would liberate 1-84 x 10! oxygen atoms. The 
diameter of the tin atom being taken as 3-04 A (from its density), there would be about 
1-08 « 10! atoms of tin per true sq. cm. at the tin surface. From the value of the capacity 
of the double layer of the speculum anode, a rather rough estimate for the ratio of the real 
to the apparent area of speculum anode can be obtained. The capacity of the real area 
being taken as that estimated from previous work, ® viz., 100 uF per true sq. cm., the value 
for the ratio real : apparent area of our anode would be 5-5: 1 and hence there would be 
about 5-04 * 10!° atoms of tin on the whole surface of our electrode. This shows that the 
quantity of electricity passed in the first step corresponds with the formation of a film of 
Sn(OH), which is less than one molecule thick. However, it must be emphasised that 
these results are very approximate since part of the surface of the electrcde is covered by 
copper atoms from the alloy. 

rhe quantity of electricity passed in the second step corresponds to the formation of 
a film of Sn(OH), some two molecules thick; that passed in the third step is about 600 
microcoulombs and is sufficient for the formation of less than one molecular thickness 
of cuprous oxide; and that in the fourth step indicates conversion of cuprous oxide film 
into cupric hydroxide, 


7 Uhiling and Woodside, J Phys. Chem., 1953, 87, 280. 
* Fl Wakkad and Salem,*/., 1955, 1489 
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The same conclusion as to the thickness of the oxides is reached for sodium hydroxide 
solution, thus confirming the above statement on the relative electrochemical behaviour of 
alloys and their constituents. 

Curve A, Fig. 3, represents the anodic behaviour of the speculum alloy in 0-1M-sodium 
borate solution of pH 9-2, a polarising current of 3 ua per electrode being used. This 
curve shows the notable “ shielding effect '’ of the steps Sn—Sn(OH), and Sn(OH),-Sn(OH), 
by the two following steps, Cu-Cu,O and Cu,O-Cu(OH),. Thus it was rather difficult to 
record the two first steps although the polarising current was very much lowered. Thus 
it gives two steps whose starting potentials are at +-0-05 and -+-0-18 v, as compared with 

0-06 and -+-0-20 v for the second two systems at the same pH. 

In 0-1N-hydrochloric acid (curve A, Fig. 4) the results indicate anodic dissolution of 
tin at about its reversible potential, a current up to 500 a per electrode being used. Curve 
A’, Fig. 4, shows the characteristic anodic polarisation of speculum in a solution of nitric 
acid (pH 1) with a current of 500 pa per electrode. This was obtained when the current 
was switched on cathodically before the speculum electrode was dipped into the nitric 
acid solution.” The solution was found to be turbid owing to the suspension of meta- 
stannic acid, confirming Bulow’s results. The potential of the speculum anode suggests 
anodic dissolution. The same potential was also found when using 0-O1N-nitric acid. 
Pure copper also behaved similarly. The potential obtained does not coincide with any 
of the known potentials of copper. However, the constancy of the potential in both 
()-IN- and 0-01N-nitric acid indicates dissolution to give some other ionic species than the 
usual one. This may be due to the oxidising effect of nitric acid. 

The anodic decay curves (B, Figs. 1, 2, 3,) reveal that, on interruption of the polarising 
current when the anode is at oxygen evolution potential, the potential falls to that of the 
system Cu,O-Cu(OH), where it remains constant. This behaviour was explained on the 
basis that Cu(OH), was not in direct contact with the metal." 

The cathodic curve (C, Fig. 1) shows a value for the potential of Sn-Sn(OH), which 
is explained by the increased solubility of tin oxides in such solutions. In case of sodium 
carbonate, curve C, Fig. 2, shows the reduction of copper oxides at negative potentials. 
This was explained by El Wakkad and Emara.” With the very low polarising current 
used, the potential of the electrode remains for a long time at the arrest of Cu-CuO,, 
Curve C, Fig. 3, obtained for the borate solution, shows that the potential of the electrode 
fell directly to the value of the system Sn(OH),-Sn(OH), where it remained constant 
before evolution of hydrogen. 
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560. Mechanism, Kinetics, and Stereochemistry of Octahedral Substi- 
tutions. Part VI.* Bimolecular Basic Hydrolysis and Aquation of 
the Chloronitrobis(ethylenediamine)cobalt(im) Ions. 


By S. ASpercerR and C. K. INGoLp. 


The products and rates of the alkaline hydroxylation and of the 
aquation of trans- and of cis-chloronitrobis(ethylenediamine)cobalt(111), with 
displacement of the chlorine as chloride ion, are examined. Some errors 
in the literature concerning the products, and the proportions in which they 
arise in these reactions, are corrected. The trans-chloronitro-cation gives 
pure trans-aquonitro-cation on aquation, and 94% of the trans-stereoisomer 
in the alkaline substitution, these statements applying to first-formed 
products which have suffered no subsequent change. Similarly, ths cis 
chloronitro-cation gives the cis-product on aquation, and 66%, of the cis- 
stereoisomer in the alkaline reaction. The alkaline hydroxylations obey 
second-order kinetics, and the aquations first-order, As compared with 
previously investigated ligands, which the nitro-group can be considered to 
replace, the latter has, for both reactions, a strong orienting effect, favouring 
predominating retention of configuration in place of extensive stereo-change. 
In the alkaline reaction, the changed orientation is associated with a mildly 
reduced rate of substitution. In aquation, the similar orientational change 
accompanies a considerably increased rate of substitution 

These observations are discussed, As to the alkaline reactions, reasons 
are given which support the conclusion of Part II that they are bimolecular 
nucleophilic substitutions, S,2. The strong orienting effect of the nitro 
group arises from its negative electromeric effect, exerted primarily on the 
3d non-bonding shell of the cobalt atom. The group retards substitution 
in all positions, but especially in those adjacent to itself. The mildness of 
the retardations is traceable to the simultaneity of bond-formation and bond 
fission in these bimolecular anion exchanges. A theoretical classification is 
suggested of some orienting ligands, which have not yet been experimentally 
investigated, The stereochemical forms and relative energies of transition 
states for substitution without and with edge-displacement are considered 
qualitatively 

As to aquation, it is shown that, when, in an otherwise constant structure, 
an orienting ligand is so changed that its electron attraction in nucleophili 
ubstitution is progressively increased, the rate of substitution at first falls 
and then rises. Recalling the demonstration of Part II that, with progressive 
reduction of the nucleophilic power in the reagent, the rate at first falls and 
then steadies, this further relation can be seen as a continued reproduction 
in octahedral substitutions of the pattern of kinetic effects which constituted 
the originally offered evidence of duality of mechanism in carbon substitu 
tions. The aquations of the chloronitro-cations lie on the bimolecular 
branch of the rate curve. Their orienting effects are analogous to those of 
the alkaline reactions, but their rate effects are opposite and much larger, 
because the polarisation needed to secure the binding of water is the domin 
ating constitutional requirement. It is suggested that 4d orbitals play an 
intermediate rdle in this binding. 


As noted in Part I,! Werner obtained all possible stereochemical results among the many 
octahedral substitutions of cobalt(1m) which he studied. But he knew nothing of 
the mechanisms in operation, or even that his products were formed by only one substi 
tution, and not, as many of them probably were, by two or more. It appears that no 
investigation, prior to ours, has started by characterising the mechanisms at work, and has 


* Part V, /., 1956, 1707. 
' 7, 1969, 2674 
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then compared spatial orientation in single substitutions by a common mechanism 
following the pattern mapped out 20 years ago for tetrahedral carbon substitutions. (A 
somewhat similar situation applies to square substitutions, to the study of which we hope 
to contribute later.) 

In two preceding Parts ? the steric course is described of several, kinetically controlled, 
bimolecular nucleophilic substitutions, Sy2, in which attacking hydroxide ion displaces a 
chloro-, bromo-, or nitrato-group from octahedral combination in a bis(ethylenediamine) 
cobalt(im1) ion. The complex ions used contained a single, characteristic, preserved 
ligand, which in some examples was the isothiocyanate and in others the ammine group 
It was noted that the proportions in which stereoisomers are formed in these substitutions 
are scarcely altered when either of these preserved ligands is exchanged for the other in 
the same position relatively to the group to be displaced Chis result suggests either 
that the isothiocyanato- and the ammino-group have no efiect, or that they have equal 
effects, in controlling the spatial direction of substitution. And so the hitherto open 
question of whether spatial orientation by the retained groups is important in octahedral 
substitutions by the bimolecular nucleophilic mechanism 1s brought into the foreground 

Although the arguments through which one might derive guidance from organi 
chemistry are not wholly clear, the outstanding position of the nitro-group as an orienting 
group for bimolecular nucleophilic substitution in the aromatic series, suggested to us that, 
if any ligand is going to exert a notable orienting effect on the course of bimolecular nucleo 
philic substitution at octahedral cobalt, the nitro-ligand ought to do so. Accordingly 
we decided to study substitutions in which an entering group displaces chlorine as chloride 
ion from cis- and trans-chloronitrobis(ethylenediamine)cobalt(111) tons 

It has been inferred ! from indications in the literature of complex salts, that water, 

although convenient as a solvent, is highly active towards them as a substituting agent ; 
and furthermore, that water usually attacks a cobalt cation ahead of any possible anion, 
excepting the most nucleophilic of all that are stable, vrz., the hydroxide ion, which is thus 
the only anion able in water to effect a single-stage bimolecular displacement of, ¢.y., a 
halogen atom, from combination with octahedral cobalt. It was in this belief that D.D 
3rown used methyl alcohol as solvent when demonstrating mechanisms of substitution 
in an ion of octahedral cobalt,’ notably, unimolecular substitutions by such weakly nucleo 
philic anions as the chloride and tsothiocyanate ions, and bimolecular substitutions by the 
successively more strongly nucleophilic nitrite, azide, and methoxide ions. Since then, 
our picture of the réle of water in cobalt substitutions has been directly confirmed by 
Basolo and his co-workers 4 in the very examples with which we are now concerned. They 
examined the kinetics of the displacement of chlorine as chloride ion from both efs- and 
trans-chloronitrobis(ethylenediamine)cobalt(tt1) ions by substituting thiocyanate, nitrite, 
and azide ions, in water; and in every case they found that substitution proceeded 
via a preliminary aquation. Thus it was clear on specific grounds, as well as from general] 
considerations, that, if we wished to observe simple bimolecular substitutions in thes 
chloronitro-cations in water as solvent, the one anion available as substituting agent 
would be the hydroxide ion. 

We describe below a combined study of the kinetics and products of the two aqueou 
reactions here formulated : 


cis 


,-[Co en,(NO,)CI } OH™ — (cts and trans)-[Co eng(NO,OH}* + Cl 
trans ? rs 


The conditions were so chosen that our results for these substitutions in the presence of the 
nitro-ligand are directly comparable with those already reported * for analogous substi 
tutions in the presence of the isothiocyanato- and ammino-ligands 

The kinetics of the reactions formulated have not been investigated before, but the 


products have, again by Basolo and his colleagues,’ though only by analysis after completion 


* Parts [IV and V, J., 1956, 1691, 1707. 

* Part II, /., 1953, 2680. 

* Basolo, Stone, Bergmann, and Pearson, Amer. Chem. Soc., 1964, 76, 3079 
* Basolo, Stone, and Pearson, ibid., 1953, 76, 819 
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of the reactions, These authors reported that the cts-chloro-cation gave only the cts- 
liydroxy-cation, whilst the trans-chloro-cation gave equal proportions of the cis- and the 
trans-hydroxy-isomer, Even were these analyses correct, the method and conclusion 
vould be dangerous, for the products finally found may not be original substitution products 
which have suffered no further change. A proof is required that, throughout the course 
of reaction, the substitution products appear in a constant ratio, which is identical with 
that observed finally. However, with all allowances made for possible error from methodo- 
logical causes, we can neither confirm the reported results, nor explain them. These 
compositions of the product bear no resemblance to the compositions we obtained for 
orginal substitution products; and they are obviously not equilibrium compositions, set up 
by some subsequent reversible change, because they differ according to the starting substance. 
The immediate product of the alkaline hydroxylation of either the c1s- or the trans 
chloronitro-cation is a mixture of the cts- and the trans-hydroxynitro-cation; but in our 
work these were always examined in the form of their conjugate acids, the cis- and the 
trans-aquonitro-cation, which are formed on acidification of the alkaline solutions. 


(1) Properties of the cis- and trans-F orms of the Chloro-, Hydroxy-, and 
Aquo-nitrolis(ethylenediamine)cobalt(it1) ons. 


(1.1) The Chloromitro-cations.—The cis- and the trans-isomer form well-characterised 
alts, as to the configurations of which there can be no doubt, salts of the cis-series having 
been optically resolved. We obtained the two series by the action of sodium nitrite on 
rans-dichloro(bisethylenediamine)cobalt(tm) chloride, as Werner describes,’ isolating the 
c1s-chloronitro-cation as its chloride, and the trans-chloronitro-cation as its nitrate. 

[he methods of spectral characterisation of these cations were conditioned, as much 
of our procedure has been, by the considerable speed with which, in neutral or acidic 
aqueous solution, either chloro-cation loses chloride ion, and becomes an aquonitro-cation. 

|, are the rates of these aquations that it was impossible to examine by photometer an 
extensive region of the spectrum of an aqueous solution of either chloro-cation before 
appreciable aquation set in, 

lor practical purposes of identification, and the checking of purity, however, we found 
that we could satisfactorily sean the spectrum given by a solution, freshly made at 0°, 
of either chloro-salt, from 2706 to 4000 A on a Cary quartz recording spectrophotometer 
within 3 minutes, a period in which aquation is appreciable though not very extensive, as 
could be shown by immediately retracing the spectrum over the next 3 minutes. In this 
way, we could obtain a series of spectral curves which were reproducibly characteristic of 
the introduced pure isomers, even though they are not spectra of the pure isomers. 

lor record, we can quote the extinction coefficient at a fixed wavelength, as measured 
at 0 ona calibrated Unicam quartz spectrophotometer S.P. 500 and corrected for aquation 
by extrapolation back to zero time. At 3290 A, the wavelength used in most of this work, 
the extinetion coefficient of the cts-chloro-cation is 1564, and that of its trans-isomer is 
1455cm.'mole*l. A more striking difference between the isomers is provided by the way 
in wluch, in consequence of aquation, the extinctions, which start at these points, move with 
line, in opposite directions, and at different speeds, as recorded in Sections 2.1 and 2.3. 

(1.2) The Aquonitro-cations,—The cis- and the trans-aquo-cation are easily distinguished 
by their absorption spectra; and there is no doubt about which is which, because Mathieu 
has converted optically active cis-chloronitrobis(ethylenediamine)cobalt(i11) ion by 
direct aquation into an optically active cis-aquonitro-cation, which he characterised by its 
absorption spectrum and rotatory dispersion.® 

Ihe ets. and trans-aquonitro-cations may be obtained in pure form in solution by direct 
aquation of the ets- and trans-chloro-cations, respectively, in neutral or dilute acid aqueous 
solution at or below room temperature. In aqueous solution at higher temperatures, 
these aquo-cations undergo reversible interconversion, as is established in Section 1.4. 

* Werner, Ber., 1911, 44, 3272 


Idem, Annalen, 1012, 986, 252 
* Mathieu, Bull. Soc. chim. France, 1936, 3, 476. 
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It seems not to have been recognised before that this isomerisation may interfere with 
purity in the preparation of the very soluble crystalline salts of the isomeric aquo-cations 
with simple inorganic anions. Following the procedure used by Meyer and Rampoldt,’ 
except that the recommended evaporations on the water-bath were omitted, salts being 
crystallised by cooling, and temperatures being kept below 25° throughout, the ers- and 
trans-aquo-cations were prepared by aquation of the chloro-cations, and crystallised first 
as their naphthionates (4-aminonaphthalene-]-sulphonates). These salts were unsuitable 
for our work, and were therefore converted with sulphuric acid into sulphates, which, after 
removal of the precipitated naphthionic acid, were induced to crystallise. The sulphates 
are much more soluble than naphthionates, and cts-isomers are more soluble than trans 


isomers. 
A plot of the absorption spectrum of the crystallised sulphate of the trans-aquo-cation 


Fic.1. Absorption y mee of 0-0004m- 
aqueous solutions : 


Y of trans-[Co en,(NO,)OH,|** = at 
9H «61-2, as obtamed from trans- 
Coen,(NO,)Cl)*NO,~ by aquation and 
subsequent addition of HC1O,; © of erys- 
tallised trans [Co en,(NO,)OH,}**SO?- 
at pH 45 O of the same, brought 
to pH 2-52 ‘by addition of HCIO,; @ of 
cis- [Co en,(NO,) JOH, )** at p “3, as 
obtained from cis-| (Co on, (HO,)CI5C - 
by omenen and subsequent addition 
of HClO,; @ of crystallised cis- 
[Co en .(NO,)OH *SOF- at pH 6-30; 
VY of the same, brought to pit 2-27 by 
addition of HClO, 


Molar extinction coefticient 


JOOO 


Wavelength ( A ) 


at pH 4-55 is given in Fig. 1, and some further observational points are there added in order 
to show that ‘the spectrum remains the same when the pH is lowered to 2-62 by addition 
of perchloric acid. It follows that, even at pH 4-55, the aquo-cation is present as such, 


and not to any extent as its conjugate base, the trans-hydroxy-cation. Fig. | also shows 


the absorption curve of a solution of the trans-aquo-cation, which was prepared from the 
nitrate of the trans-chloro-cation by aquation in water in the dark at 0° for 6 days, a time 
shown spectrally to suffice for the completion of that process, but not to allow opportunity 
for any appreciable isomerisation of the aquo-product. The solution was acidified to 
pH 1-2 with perchloric acid before the spectrum represented was measured. This spectrum 
coincides with that of the crystallised sulphate sufficiently closely to show that the aquation 
was complete, and that it gave the pure trans-aquo-cation. The deviation apparent at the 
short-wave end of the range signifies only the presence of a small amount of naphthionate 
as an impurity in the sulphate crystals. 


* Meyer and Rampoldt, Z. anorg. Chem., 1933, 214, 1. 
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In spite of some improvement resulting from stricter control of temperatures in prepar 
ation, we were never able to obtain the crystalline sulphate of the c1s-aquo-cation free from 
its (rans-isomer, because of the great solubility of both sulphates, especially the cis-salt. 
The spectrum of a typical preparation is in Fig. 1, A spectrum which we take to be that 
of the pure cis-aquo-cation is represented by the uppermost curve in Fig. 1. It is the 
spectrum of a solution prepared from the chloride of the cts-chloronitro-cation by 
aquation in the dark at 20° for 3 days, a time shown spectrally to allow completion of 
that process, without permitting an appreciable isomerisation: the solution was acidified 
with perchloric acid to pH 1-3 before measurement of the spectrum. 

[he greatest difference of absorption between the cis- and trans-aquo-isomers 
occurs at 3200 A. This, therefore, was the wave-length used for measurements 
of the composition of the product of the reaction of hydroxide ion with either chloro 
cation, and also for following the kinetics of their alkaline hydrolysis, and the kinetics of 
their aquation. The extinction coefficients ety, are: cis-[Co eng(NO,)OH,)**, 2100; 
trans-\Co eng(NO,)OH,)**, 975 cm.* mole* 1. It was shown that, at this wavelength, 
and at the concentrations involved, salts of both these cations obey the Beer-Lambert 
law, so that concentrations and compositions can be calculated from observed absorptions 
with the aid of the usual linear relations 

(1.3) The Hydroxynitro-cations and their Relation to the Aquonitro-cations.—The reve 

ible interconversions of the cts- and trans-aquo-cations, and of the cis- and trans-hydroxy- 

cations, are extremely slow in aqueous solution at room temperature. Therefore in these 
conditions, acid-base equilibria between corresponding aquo- and hydroxy-cations are 
established in the cts- and trans-series independently. 

In the near ultraviolet region, both hydroxy-cations are more weakly absorbing than 
are their conjugate acids, the aquo-cations. At 3290 A the extinction coefficients of the 
hydroxy-cations are: ets-[Coen,(NO,)OH}*, 1020; trans-[Coen,(NO,)OH)}*, 625 cm. 
mole! |. Therefore, when an initially alkaline solution of either hydroxy-cation, say at 
pH 12, is progressively acidified, the absorption at this wavelength rises from the appro- 
priate hydroxy-value to the aquo-value. The ranges of intensity of absorption covered 
by these changes in the eis- and the trans-series do not overlap. But the changes occur 
in a similar pH range, and for both acid~base systems the rise in absorption, indicating 
conversion into the aquo-form, is complete at about pH 5. 

Uémura and Hirasawa have recorded a spectrophotometric examination of the 
acidic functions of ets- and trans-aquonitrobis(ethylenediamine)cobalt(1m) ions. Their 
results are not inconsistent with the conclusion last stated, but their spectrophoto- 
metric data differ markedly from ours. One group of differences, the lower absorptions 
observed by them in the ets-series, can be understood, inasmuch as their basic material 
in this series was a crystalline nitrate of the cts-aquo-cation, which was prepared by Meyer 
and Rampoldt’s unmodified method, and therefore probably contained a considerable 
proportion of the trans-isomer. However, their finding that, when an initially alkaline 

olution of the trans-hydroxy-cation is progressively acidified, absorption in the region 
near $200 A at first rises and then falls, passing through a maximum near pH 7:2, seems 
unintelligible and could not be confirmed. 

(1.4) Reversible Isomeric Conversion of the cis- and trans-Aquonitro-cations,—This 
isomerisation oceurs in water, but only at such temperatures that it did not disturb our 
measurements at 0° of the rates of alkaline hydrolysis and of aquation of the ets- and trans 
chloronitro-cations, and did not change the composition of the first-formed products of 
these reactions during the period of the experiments. Accordingly, we had no need to 
measure the rate of the isomerisation; but in establishing its occurrence at temperatures 
near 90", we determined the composition at its equilibrium. 

lutions, all 0-0004M, of the trans-aquo-cation, either made up directly from its sulphate, 
or prepared by aquation of the tvans-chloro-cation as nitrate, were heated at about 90°. 
Ihe extinction coefficients at 3290 A at first rose, but after 2 hours remained constant at 
the mean value 1256 cm.-! mole! 1. Solutions of the cts-aquo-cation, prepared in the 


* Uémura and Hirasawa, Byull. Chem. Soc., Japan, 1938, 18, 377 
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corresponding two ways, were heated similarly. Their extinction coefficients at first fell, 
but after 2 hours remained constant at the mean value 1275 cm.' mole’ 1. The average 
of these two figures corresponds to the following isomer ratio at equilibrium: ¢ts-aquo-, 
31%: trans-aquo-, 69%. 


(2) Kinetics and Products of Aquation and of Alkaline Hydrolysis of the cis- and trans- 
Chloronitrobis(ethylenediamine)cobalt(111) Ions. 


The high rates of aquation of the nitro-cations were responsible for a considerable 
change of method from that of the corresponding investigation of tsothiocyanato- and 
ammino-cations, described in Parts 1V and VY. The instability of the chloronitro-cations 
in neutral and acid aqueous solution, even at 0°, puts difficulties in the way of the plotting 
of long absorption curves of either, and therefore of trying to prove by the finding 
of common intersections in changing absorption curves, that reaction products are appearing 
in fixed ratios. Such proof, and the values of the ratios, have to be extracted from kinetic 
data: in short, kinetics and products must be studied together. Moreover, as the rate 
of aquation is not always negligible in comparison with the rate of alkaline hydrolysis, 
the kinetics of these processes must to some extent be treated together. 

All timed reactions were conducted in darkened vessels, since visible light has a small 
accelerating effect. The solvent was water throughout. 

(2.1) Rate and Product of Aquation of the trans-Chloro-cation.—-The chloro-cation was 
introduced as its weighed nitrate, the concentrations being, to within 1%, 0-0004m in work 
at 0° and 0-00667M in work at higher temperatures. Rates of aquation were measured 
over the temperature range 0-—-30° at pH 5, and also at 0° for pH values reduced by the 
addition of perchloric acid. The measurement was of the extinction coefficient at 3290 A, 
which ran from the initial value 1455 appropriate to the trans-chloro-cation, to a final 
value of 975 cm.-! mole! |, a figure which shows that the pure frans-aquo-cation is being 
produc ed. 

The reaction follows the first-order rate-law tu within the accuracy of the measurements. 
The rate-constants entered in Table 1, show that the aquation process is insensitive to acid 
catalysis. The variation of rate with temperature may be represented by the equation, 
k, = B, exp(—E/RT), where B, = 60 x 10" sec“! and E = 21-5 kcal/mole. 


PABLE 1. Jirst-order rate constants (k, in sec") for aquation of the trans-chloronitrobis 
ve ry q 
(ethylenediamine)cobalt(t11) 10n in water 


Run sss Youve 103 104 116 117 206 206 207 
Temp. . besos 0-0 Oo” 00 Ow 14-0 20-0 B00 
pH eos SOT 5-07 105 152 ~hO ~i0 ~io 
LOR, sevens 3-64 3-62 471 357 28°? 52:6 149 


(2.2) Rate and Products of Alkaline Hydrolysis of the trans-Chloro-cation.In these 
experiments the trans-chloro-cation was supplied as its nitrate, always at a concentration 
of 0-0004m, and sodium hydroxide was introduced in the series of concentrations, 0-005, 
0-01, 0-02, 0-04, 0-08 and 0-12N, all to within 1%. In timed samples, the alkaline reaction 
was stopped by acidification with perchloric acid, and the absorption at 3290 A was then 
measured at 0°: this could be done with sufficient dispatch to avoid error from continuing 
aquation 

The observed changes of extinction are illustrated in Fig. 2, though most of the runs 
were followed for longer periods than can be represented on that diagram. The uppermost 
curve applies to aquation at pH 5, whilst the lower curves represent the successively 
faster reactions which occur with successively increased concentrations of alkali. 

The extinction curves for the alkaline reactions do not run down to the aquation 
asymptote of 975, but stop at their own asymptote, or close group of asymptotes, 
at 1045 + 3 cm.' mole! |, The small amount of aquation that must accompany the 
hydroxide-ion reaction in these experiments can affect the position of individual asymptotes 
only within the range indicated, which is of the order of the error of measurement: the 


2868 A&perger and Ingold: Mechanism, Kinetics, and 


corresponding uncertainty in composition of product is only 0-3°%,. The final extinction 
quoted shows that alkaline hydrolysis of the traas-chloro-cation is producing 94% of 
trans-hydroxy- and 6%, of cis-hydroxy-cation. 

In all alkaline runs except the two most dilute in sodium hydroxide, this reagent, being 
in 50-fold or greater excess, suffers only a negligible change of concentration. In any one 
such run, the change of extinction coefficient follows the first-order rate law to within the 
observational accuracy, as is exemplified by the logarithmic plot in Fig. 3. This simple 


Fic, 2. Kinetics of the reactions of 
0-0004m-trans-[(Co en,(NO,)CI)*NO,~ 
with water and aqueous sodium 
hydroxide at 0°, as followed by the 
change in the molar extinction co- 
efficient at 3290 A; 


Curve 1, at pH 507; and Curves 
2, 3, 4, 5, 6, and 7, with 0-005, 
O-O1, 0-02, 0-04, 0-08, and 0-12N- 
sodium hydroxide respectively. 


K16.3. Logarithmic plot of the falling molar extinction 
coefficient im the reaction of 00004 -trans- 
[(Coen,(NO,)CI'NO,- with aqueous 0-08N- 
sodium hydroxide at 0° (Run no. 122) 


i J. 


n 
2 


Time (min) 


kinetic form shows that the reaction products contributing to the measured absorption are 
being produced simultaneously in a constant ratio. 

The first-order rate constants, obtained by this procedure from the runs to which it is 
appliceble, were found to be proportional to the concentrations of hydroxide ion, This 
shows that the alkaline hydrolysis is a reaction of second-order overall. Having estab- 
lished this, we broadened our procedure for the extraction of second-order rate constants, 
so that it remained applicable at the lower alkali concentrations, when aquation is not a 
negligible constituent of the measured process. This was simply a question of making 
appropriate allowances for aquation, the specific rate of which had been independently 
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determined (Sect. 2.1). A general procedure for calculating individual rate constants 
from observations on mixed reactions of different orders has previously “ been given.* 

The second-order constants for the destruction by alkaline hydrolysis of the tans- 
chloro-cation are in Table 2, They reveal no definite salt effect, but two points are to be 
noted in this connexion. First, the relatively high rate of aquation caused us to use 
higher alkali concentrations than we might have chosen, and thus our range of ionic 
strengths is far from the region where rate (as log £,) is most sensitive to ionic strength 
(as w!). Secondly, most of the reactions are fast (often with half-change times of a very 
few minutes) and so considerable casual! errors could not be avoided. 


TABLE 2. Second-order rate constants (ky in sec.’ mole 1.) for the reaction of hydroxide ion 
with trans-chloronitrobis(ethylenediamine)coball(i!) in water at 0°. 


107 106 105 121 122 123 
0-01 0-02 0-04 0-08 O12 
0-077 0-083 0-079 0-083 O-O81 


« 0-080 sec.' mole™ 1. 


(2.3) Rate and Product of Aquation of the cis-Chloro-cation.This isomer, supplied as 
its weighed chloride, was made up in 0-0004m- or 0-00667M-solution in water, as described 
in Sect. 2.1 for the trans-isomer, with or without added perchloric acid, and the change of 
absorption intensity at 3290 A with time was measured over the temperature range 0—40°. 
The extinction coefficient ran from the value 1554, appropriate to the cts-chloro-cation, to 
2100 cm.-! mole"! |.; and this we interpret to mean that the pure cis-aquo-cation is being 
produced. 

The change followed a first-order law to within the observational error. It appeared 
to be insensitive to acid catalysis. The measured rate constants, in Table 3, show that, 
at the investigated temperatures, the aquation of the crs-chloro-ion is 7-10 times slower 
than of the trans-isomer. The variation of the rate of aquation of the cis-chloro-ion with 
temperature is expressed by the equation k, = B, exp(—E/RT), where By = 28 « 10" 
sec.!, and E == 22-35 keal./mole. 


TABLE 3. First-order rate constants (k, in sec.-') for aquation of the cis-chloronttrobis- 
(ethylenediamine)cobalt(\11) ton im water. 
115 203 204 202 
0-0” 20-0" 30°0° 40-0" 
2-08 mf? o~bO ~hO 
0-332 6-06 20-5 66-6 


(2.4) Rate and Products of Alkaline Hydrolysis of the cis-Chloro-cation..-Except that 
the cis-chloro-cation was supplied as weighed chloride, the initial conditions in this series 
of experiments corresponded exactly to those of the series on the alkaline hydrolysis of 
the trans-chloro-cation. 

The observed changes in the extinction coefficient at 3290 A of acidified timed samples 
are illustrated in Fig. 4; but most of the runs were followed over longer periods than can 


* It can be simplified in the present application. If 4,* and 4,* are the inexact second- and first- 
order “ constants,’ calculated by the usual integrated equations, for a reaction consisting of mixed 
second- and first-order components, of which the true rate constants are h, and h&,, respectively, then, 


quite generally, 
hy = hhg® — hy /(b — *) + thh,* [dt 


But in all the present examples it is a sufficient approximation to write 
hy = hy® — hy/(b r) 
and in several of them this equation can be simplified to 
hy = (h,* why) /(b b+.) 


It must be remembered that our measured spectral intensity is a more sensitive indicator of aquation 
than of the alkaline reaction in the average ratio 1-34: 1, so that we must write 1-34/,, instead of A, 
when calculating A, directly from spectral intensities. 


‘t Hughes, Ingold, and Shapiro, J., 1936, 231. 
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be accommodated to that diagram. The lowest curve applies to aquation at pH 5, and 
the succession of curves above it represent the successively faster reactions which occur as 
increasing quantities of hydroxide ion are introduced. The illustrated crossing of two 
curves is not accidental: more crossings would be seen if the diagram were extended 
towards the right. 

The asymptotic extinction coefficient for aquation lies far above the diagram at 2100 
cm.* mole? |, The alkaline reactions run to much lower asymptotes, which are not 
coincident, but are spread over the small range 1712—1736 cm.~! mole”! L., the faster runs 
ending on lower values: that is how the crossings occur. About one-third of the spread 
in the asymptotes can be understood as arising from the varying proportions in which 
aquation occurs, and the differing compositions of the products of the alkaline reaction 
and of aquation, But we calculate that, if aquation could be fully suppressed, the asymp- 
totes would still be spread over the range 1712—-1728 cm.! mole? |. The mean value, 
1720 cm. * mole! |, corresponds to production, by alkaline hydrolysis of the eis-chloro- 
cation, of an average of 66% of the cis-hydroxy- and 34%, of the trans-hydroxy-cation. 
rhe range of +8 cm.“ mole"! |. in the extinction coefficient corresponds to a variation 


2 Fic, 4. Kinetics of the veaction of 
— 0-0004m-cis-[Co eng(NO,)Ch)*Cl~ with 
water and aqueous sodium hydroxide 

at 0°, followed by the change in the 

molar extinction coefficient at 3290 A : 


Curve 1, at pH B14; and Curves 2, 3, 
4, 5, 6, and 7, with 0-005, 0-01, 
0-02, 0-04, 0-08 and 0-12N-sodium 
hydroxide, respectively 


micsnpliciitiendll within 
20 JO 40 
Time (min) 
of +0°7% in composition of product; and this we take to be a medium effect of the alkali 
on the direction of reaction : it is, or course, a very small effect. 

Just as before, we showed that, with the hydroxide ion in constant excess, the absorp- 
tion intensity follows a first-order rate law, and yields first-order rate constants proportional 
to the concentrations of hydroxide ion. Obviously we were again dealing with a second- 
order reaction, the light-absorbing products of which were being formed simultaneously 
in a fixed ratio, We then calculated second-order rate constants for the hydroxide-ion 
reaction, with due allowance for the accompanying aquation, using the procedure described 


in Sect, 2.2.* 
The second-order constants for destruction of the c#s-chloro-cation are in Table 4. 


Tasie 4. Second-order rate constants (ky in sec.’ mole 1.) for the reaction of hydroxide ion 
with cis-chloronitrobis(ethylenediamine)cobalt(1i1) in water at O°. 


114 112 109 113 124 
0-005 0-01 0-02 0-04 0-08 
0-029 0-035 0-031 0-033 0-032 


Mean hk, = 0-032 sec.’ mole™ | 


hey show more scatter than do the corresponding values for the trans-chloro-cation, In 
the cis-series, the alkaline hydrolysis is 2-5 times slower, but the spectral indication of 


* The formule are the same, except that the sensitivity factor, to be multiplied into k,, is now 
5:76 
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reaction progress is 2-5 times less sensitive, than in the trans-series. For reasons given in 
Sect. 2.2, it is not surprising that our results reveal no clear salt effect. 


(3) Summary and Discussion. 

(3.1) Results—The main results reported in the preceding Sections are collected in 
Table 5. 

(3.2) Orientation in Bimolecular Hydrolyses—Ot the three types of reaction 
distinguished in Table 5, the alkaline hydroxylations (A) belong to the type for 
which mechanism is best authenticated; having regard to the kinetic investigation of 
octahedral cobalt substitutions described in Part I1,* and the observed kinetic form of the 
present alkaline hydroxylations, we can safely assign to them the bimolecular mechanism, 
S»2. We recall that, in Part II, the other mechanism that would be consistent with the 
second-order form of the reaction, viz., that which starts with an extraction by the basic 
reagent of a nitrogen-bound proton from an ethylenediamine ligand, was excluded, because 
this mechanism requires that the rate with different reagents should run parallel to their 
proton-affinity, indeed, it should be proportional to their base strength, whereas the rates 
observed showed no kind of parallelism to base strength. 


TABLE 5. Rate and steric course of reactions in water of bis(ethylenediamine)cobalt(t:1) 


ions containing the nitro-ligand. 
§ ; Products (%) 
Reaction Kinetic Displaced Rate : he 

type order group (X) Temp constant cis trans 


(A) cis- or trans-[Co en,(NO,)X}* 4+ OH~ —— cis- and trans-[Coen,(NO,)OH)" 4+ X~ 
hy, (sec.* mole 1.) 
trans-Cl 0° 0-080 6 
cis-Cl ~ 0-032 66 
(B) cis- or trans-[Coen,(NO,)X}* 4+ OH, —— cis- and trans-[Co en,(NO,)OH,|** + 2 
10°k, (hk, in sec.*) 
trans-Cl 


Aquation ’ cis-Cl 
(C) cis- or trans-(Co eny(NO,)X)** —— cis- and frans-[Co en,(NO,)X)*" 


sane ; : f§ trans-OH WH" 7p 
Isomerisation \ cis-OH, : f 31 69 


This conclusion requires further remark, because it is the starting point of our present 
argument, and it has recently been challenged,'* though, as we think, groundlessly. The 
stated grounds are that the replacement, in cations such as trans dichlorobis(ethylenedi- 
amine)cobalt(im), of the bis(ethylenediamine) by either tetrapyridyl or bis-aa-di- 
pyridyl residues, which have no nitrogen-bound hydrogen, leads to an easy aquation, 
which is not appreciably accelerated by alkali up to pH 9-18, It was inferred that the 
absence of nitrogen-bound hydrogen in these aromatic complexes has excluded the normal 
mechanism of alkaline hydrolysis, thus leaving aquation in control. This is a most dubious 
conclusion. The high rates, especially in the dipyridy! complexes, where the chelate 
ligand is sterically more comparable to ethylenediamine (for the possibility of steric hin- 
drance has to be remembered), point clearly to a promoted aquation, t.¢., to a mechanism 
facilitated, rather than to one excluded, by the bond properties of the aromatic groups, 
We would explain this on the basis that the facilitated aquation is a unimolecular solvolysis 
(cf. Sect. 3.2), as of a diphenylmethyl halide, and that it is facilitated for a like reason, viz., 
that the aromatic x-electrons are conjugated with the electrons of the breaking bond. In 
the matter of formal conjugation, the replacement of an ethylenediamine ligand in a 
chloro-cobalt(111) complex by two pyridyl] ligands is like passing from a cyclopentyl halide 
to a diphenylmethy! halide, a change which, as we know, gives greatly increased prominence 
to unimolecular reactions. 

'? Pearson, Meeker, and Basolo, J. Inorg. Nucl. Chom , 1966, 1, 341. 


2872 ASperger and Ingold: Mechanism, Kinetics, and 


The present work provides a further reason why the challenge offered cannot be con- 
sidered successful. This is that its authors would have obtained essentially the same 
result had they derived their material from trans-dichlorobis(ethylenediamine)cobalt(111) 
by leaving the ethylenediamine ligands in position, and simply replacing one chlorine 
atom by a nitro-group; this would have given the trans-chloronitro-cation, which is as 
familiar to them * * as it is to us. Now the greatest hydroxide concentration which they 
used when searching for the alkaline reaction in their pyridine and dipyridyl complexes 
was 333 tines smaller than the smallest that we employed for the purpose of measuring 
the alkaline reaction of the chloronitro-complex. It will be obvious from Fig. 2 (p. 2868), 
by imagining the gap between the top two curves to be narrowed to 1/333 of its present 
width, that, had these authors included the chloronitrobis(ethylenediamine) complex in 
their comparisons, its alkaline reaction also would have been undetectable at their alkal- 
inities, viz., upto pH 9-18, Yet nitrogen-bound protons are here available. Indeed, if the 
alkaline reaction really depended on their extraction, it should appear, not merely with 
its previous prominence, but with an increased prominence, because the electron-attracting 
nitro-substituent must increase the susceptibility of the protons to extraction by basic 
reagents 

Since the above was written, two further papers claiming support for the proton ex- 
traction mechanism have come to hand. Their arguments are unsatisfying. In the first,'* 
the principal new observation is that second-order chlorine-displacement from the chloro- 
pentamminecobalt(m) ion by the action of OD~ in D,O is appreciably slower than by 
OH~ in H,O. Now, the known hydrogen-exchange rates of cobaltammines / show that, 
in the proposed mechanism, the initial hydrion loss could not be rate-determining : it 
could oceur only as a pre-equilibrium, yielding a complex ion which slowly and spontan- 
eously loses a chloride ion, The authors do not make it clear that, in this, its only possible, 
form, their proposed mechanism does not predict their observed rate order. This 
mechanism would be similar to the known mechanism of the alkaline splitting of diacetone 
alcohol, which is effected faster by OD~ in D,O thanit is by OH~ in HzO”: here the alcoholic 
hydrion is rapidly and reversibly partitioned with the external base, to leave an organic 
ion which slowly and spontaneously loses an anion. 

In the other paper,’® the central observation is that, when, in the chloropentammine- 
cobalt(i) ion, four ammonia groups are replaced by two ethylenediamine ligands, 
and thereafter by one triethylenetetramine ligand, the alkaline hydrolysis rates 
successively rise, while the aquation rates successively fall. There are several possible 
explanations of this: one is that, as more hydrocarbon ties stretch across the surface of 
the ion, the compactness of its aqueous solvation shell is reduced, so that penetration by 
an external anion becomes easier, while the water reaction itself becomes less easy. The 
authors assume, without alternative, that the hydrocarbon loops make proton extraction 
easier, and therefore make the alkaline rate greater: arguing backward, they claim that 
this supports their mechanism. We shall show below that the indubitably acid strength- 
ening nitro-group reduces alkaline hydrolysis rate, though it accelerates aquation. 

lor these reasons, we shall base further discussion on the conclusion of Part II, that 
the hydroxide-ion reactions are bimolecular substitutions, Sy2. Now it was noted in 
Part I that, independently of mechanism, in such octahedral substitutions as ours, the 
occurrence of stereo-change, in the form described as edge-displacement in the individual 
molecular acts of substitution, is only conditionally reflected in the observable stereo- 
chemical result of the substitution. A trans-factor, substituted with microchemical 
stereo-change, will give a macrochemical cis-product, and without it, will give a trans- 
product. However, a cts-factor, substituted with microchemical! stereo-change, may give 
macrochemically either a cis- or a trans-product, but without it, will certainly give a 


cis-product. 
Phe results which we report for Sy2 substitution by hydroxide ion of the trans-form 


'* Adamson and Basolo, Acta Chem, Scand., 1955, 9, 1261. 

'* Anderson, Briscoe, and Spoor, ]., 1943, 361. 

‘* Nelson and Butler, /., 1938, 957. 

'* Pearson, Meeker, and Basolo, /. Amer. Chem. Soc., 1966, 78, 709. 
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of the chloronitro-cation can therefore be exactly translated into molecular terms; 94% 
of the individual molecular acts of substitution proceed with retention of configuration, 
and only 6% of them take place with edge displacement. From the data for the corre- 
sponding S»2 substitution of the cis-chloronitro-cation, only the less definite inference can 
be drawn that not more than 66% of the individual molecular transactions retain configur- 
ation, and at least 34%, of them involve edge displacement. 

A question of some interest is answered by the contrast between these results and those 
reported in Parts IV and V ® for the corresponding reaction of analogous halogenotsothio- 
cyanato- and halogenoammine-cations, especially the results applying to érans-structures, 
which yield the more definite molecular conclusions. The investigation which led to the 
present work was begun with the knowledge that all Sy2 carbon substitutions involve 
exclusive stereo-change. It was then observed that Sy2 cobalt substitutions in the tso- 
thiocyanato- and ammino-structures proceed with predominating, but not exclusive, 
stereo-change. As far as could be seen at that stage, a less exclusive version of the rule 
for Sx2 carbon substitutions might have been the effective rule for bimolecular octahedral 
substitutions. However, we now see that this is not so, since substitution in the trans- 
nitro-structure proceeds mainly with retention of configuration. Though the previous 
results might have suggested the contrary, an orientation phenomenon is undoubtedly 
involved in the directional control of Sy2 cobalt substitutions, the place of the entering 
group, in relation to that of the expelled group, depending on groups whose state of binding 
is not disturbed. . 

In the study of orientation in aromatic substitution, much enlightenment followed 
from a consideration of the relation of orientation to rate of substitution. Although we 
have only a few data, it seems not too early to begin applying the same method to cobalt 
substitutions, and therefore Table 6 has been constructed, which gives the partial rates of 
formation of the separate products of bimolecular displacement of halogen by hydroxide 
ion from bis(ethylenediamine)cobalt(11) ions, each containing a characteristic ‘' orienting "’ 
group. The data are from Parts IV and V, as well as from this paper. 


TABLE 6. Second-order rate constants (k, in sec.’ mole 1.) for the formation of individual 
isomers by substitution in bis(ethylenediamine)cobalt(111) ions by hydroxide ions in 
water at 0°. 


Structure of 


Product Partial rates 
Co en,-complex wes 
Pm — 


Total woo - = (rn ener ny 
‘ rate, hy ois (%) trans (%) hy, (tans) 
trans NCS 4 0-34 76 24 ' 0-080 
~ NH, 1-25 76 24 : 0-30 
is NO, ; 0-080 6 04 0-005 0-075 
fran: NCS 1-05 gl 19 “58 0-37 
NCS cl 1-40 18 115 0-25 
NH, ” 0-50 16 0-42 0-08 
NO, ve 0-032 44 0-021 O-OLt 
NH, Br 3-32 Hy 15 2-82 Of 


On the special subject of this paper, a question which one might ask is whether, in the 
substitution of trans-complexes (to deal with the simpler situation first), the nitro-ligand 
orients so differently from the ssothiocyanato- and ammino-ligands because, relatively to 
them, it accelerates substitution with retention of configuration, or because relatively to 
them, it retards substitution with edge displacement. The answer, indicated by Table 6, 
is that the nitro-group exerts its orienting effect by selective insibition ; it inhibits entry 
of the substituting agent in any position that would require a stereo-change. An equiv- 
alent statement is that the nitro-group inhibits entry adjacent to itself. And of these two 
statements, we believe the second to be the more significant, becanse we have to take into 
account the data for the substitutions of the cis-complexes. These figures show that the 
nitro-group does not oppose stereo-change as such, as it might conceivably have done, ¢.g., 
by causing a tighter anchoring of those ethylenediamine ligands which have to shift during 
stereo-change. In fact, the amount of demonstrable stereo-change in the substitution 
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of the e1s-nitro-complex is considerable, and is comparable to that of any of the cis- 
complexes. The rate figures for the cis-structures suggest further that the nitro-group 
may have some retarding effect on substitution in all positions as well as a selective 
inhibition of substitution in positions adjacent to itself. 

The electronic characteristic which in organic chemistry singles out the nitro-group 
from most other groups is its great constitutional capacity conjugatively to combine with 
unsaturation electrons, so increasing the multiplicity of its own binding, and at the same 
time polarising the system supplying the electrons. We may plausibly suppose that the 
nitro-group acts thus on the cobalt atom, increasing the multiplicity of its binding to 
cobalt, and polarising the cobalt atom with respect particularly to its outer layer of six 
unshared d electrons. This electron shell will, then, be displaced in the direction of the 
nitro-group. The first effect to be expected of such a displacement is an inhibition of 
anion attack in positions adjacent to the nitro-group, and hence an orientation of the 
attack towards the other side of the cobalt atom, Here, the polarisation of cobalt should 
provide more open access to the reagent; and, if that were all that we had to take into 
account, the reaction should go faster. But the same polarisation of cobalt will oppose 
heterolysis of the departing halogen: as always in bimolecular nucleophilic substitution, 
the question of whether a polar substituent will accelerate or retard reaction depends on 
a balance of opposing effects, in particular, on whether the importation of electrons by the 
substituting agent, up to the stage described as the transition state, needs only a smaller, 
or is conditional on a larger, simultaneous release of electrons towards the departing group. 
doth sorts of balance are found in bimolecular nucleophilic substitutions on carbon. Our 
present results suggest that, in these substitutions on cobalt, the electron release is slightly 
the more important of the two processes of electron transfer which are involved in the 
formation of the transition state. The case is analogous, for example, to bimolecular 
nucleophilic substitutions of benzyl and of allyl halides by anions, where also an excess of 
electron release is required to produce the transition state, 

Conjugative binding of unshared metal electrons by a ligand has been suggested by 
Chatt in explanation of ftrans-substitution to certain ligands, ¢.g., ethylene, in square 
platinous complexes.!7_ Here the directing ligand appears to have a large accelerating 
effect, but as yet there has been no kinetic study of mechanism in such clear cases, although 
second-order kinetics have been established for some probably related square platinous 
substitutions. '* 

rhe above picture of orientation in bimolecular substitution by anions at octahedral 
cobalt suggests the existence of two broad classes of orienting groups, probably with a 
certain degree of merging. Cyano- and carbonyl groups are likely to exhibit, though not 
to the same quantitative extent, tendencies similar to that of the nitro-group, towards 
the promotion of substitution, probably at somewhat reduced rates, remotely from the 
orienting group, and thus with predominating retention of configuration when a trans-group 
is displaced. Halogeno-, azido-, and aquo-groups are likely broadly to resemble the tso- 
thiocyanato- and the ammino-group in not restricting substitution in their neighbourhood, 
thereby allowing substitution to proceed with extensive stereo-change, and, when a trans- 
group is displaced, with predominating stereo-change. 

It is here implied that there are two transition states for these bimolecular octahedral 
substitutions, and that their bonding energies are not very different, although, in the 
absence of conjugative disturbances to the bonding, the transition state for substitution 
with edge-displacement is more stable than that for substitution with a preserved configur- 
ation. It is not necessary to construe this polar interpretation as a denial that steric effects 
may in some circumstances be important for octahedral orientation, t.e., that a complete 
theory would add the non-bonding energy to the bonding. 

In most published discussions of the steric course of octahedral substitution, the reagent 
is represented as attacking within a face of the octahedron, and the expelled group as 
departing from a corner, This is not a useful approach to the structure of the transition 
state, because the principle of microscopic reversibility requires that, in that state, the 


'? Chatt, Duncanson, and Venanzi, /., 1955, 4456, and references there cited. 
‘* Zuyagintsev and Karandasheva, Doklady Ahad. Nauk U.S.S.R., 1956, 101, 93. 
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attacking and displaced groups will have a like geometrical relation to the rest of the 
structure; an octahedron elaborated in one face does not fulfil the symmetry condition 
for a transition state. A recent suggestion is that the transition state has the form of a 
pentagonal bipyramid with attacking and displaced groups symmetrically located.® This 
figure imports more symmetry than the principle of microscopic reversibility demands, 
and it has the objection that five bond-angles are reduced to 72°, the remaining ten angles 
being unreduced, whereas we should expect smaller deviations from the normal 90° among 
angles between full bonds, and deviations more evenly spread among angles between bonds 
of a like kind. 

In order to provide such angles, it is necessary to satisfy the symmetry condition only 
in a minimal way; and this is done in the two transition states which we assume for these 
substitutions. Some idea of them can be conveyed by indicating, as is done in Fig. 5, the 
relation between the points occupied and the octahedral corners from which the occupying 
groups have come or to which they will go. Transition state (I) is for substitution with 
retention of configuration : it might be set up if the electrons of the nucleophilic reagent 


“ va 


x 


3. 5. Geometry of bimolecular transi- 
tion states in octahedral substitution, 
| without, and 11 with edge displace- 
ment. Y is the entering, the 


departing, and A the internally dis- 

placed grow The positions of these / \ 

groups, and of the undisplaced groups, f | 1 
I 


in the transition state ave shown in 
qualitative relation to the octahedral 
positions of the initial and final states. 


were to engage in a lateral attack on the main lobe of the cobalt bond orbital to the displaced 
group. Transition state (LI) is for substitution with edge displacement: it could arise from 
attack by the reagent on the backward pointing cap-shaped member of the bond orbital.” 

(3.2) Mechanism of Aquation.—Despite an original intention to have nothing to do 
with aquation until easier mechanistic problems had been solved, we have been unable to 
avoid either making observations on it, as noted already, or forming opinions about it, 
which may be worth indicating, though the supporting observations are less systematic 
than if they had been planned. 

The main suggestions emerge when we analyse rates of aquation, somewhat as we did 
those for alkaline hydrolysis. This is done in Table 7, in which many of the rate figures 
are only approximate, because we need to compare rates at common temperatures, and the 
measurements were made at various temperatures providing in some cases only a rough 
basis for the extrapolations involved, Some figures are approximate for other reasons 
explained in the notes below the Table. Figures are included which are derived, directly 
or indirectly, from the work of other investigators, notably of Mathieu, Indirect 
derivations are explained in the notes. We are able to cite, in addition to the main series 
of values applying to bis(ethylenediamine)cobalt(111) ions, some further values relating to 
analogous tetra-amminecobalt(i11) ions. 

When the theory of duality of mechanism in nucleophilic substitution at saturated 
carbon atoms was advanced 20 years ago, the main arguments in support of that concept 
were expressed in two schematic diagrams,” one showing that, as electron release from 
influencing substituents was changed in a progressive way, rate of substitution passed 
through a minimum, and the other that as the nucleophilic power of the substituting 
agent was progressively decreased, the rate at first fell and then remained constant, each 


1* Ingold, Chem. Soc. Spec. Publ. No.1, p. 10. 
*” Gleave, Hughes, and Ingold, /., 1935, 236. 
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of these changes of rate trend being associated with a change of kinetic order, whenever 
order depended on mechanism. In Part [1 of this series,* a diagram corresponding to the 
second of these was shown to express the dependence of rate of substitution at a cobalt 
atom on the nucleophilic power of the substituting agent; and on this evidence, the theory 
of duality of mechanism was extended to octahedral substitutions. On examining Table 7, 


TasLe 7. Comparison of first-order vate constants (k, in sec.') and proportions of products 
for aquation of bis(ethylenediamine)- and tetrammine-cobalt(111) ions in water. 


(CoR,YX)** + HO ——tm [(CoR, YOH,)@*+"* +4 X- 
Ky = OM, 10°k, Products (%) 
* tg 4 -_ ’ a —_ 
4 0° ets trans 
eis OH w23 -- 
§ tran cl , 075 0 e100 
lei 3 0-44 2! 100 0 
trans x 0-000045 
{ trans OOO09T 
' cis oA) 0024 
f trans NO, aa 3°63 
leis ae 0-365 
trans ‘ 0-00021 
cis h i: 00053 
ae ‘ 0-036 


, isiniitetle, 20” 
{ trans ; 72 Ovenston 
{ it 9 82 ” 
~ 0-083 Garrick 
(ae ny 0-65 anti — Brown f 
(a) The rate is from observations by Mathieu (Bull. Soc. chim. France, 1936, 3, 2121, 2152) on the 
iriation of the rate of aquation of cis-(Coen,(OH,)Cl)** with its concentration in water, and with 
pli in aqueous bufiers, at 30°, together with the acid strength for the above cation, as he determined 
it with a glass electrode at 20°, assuming a zero heat of aqueous dissociation of the acidic cation, and 
20 keal./mole as the activation energy for the aquation, a value adopted after making a survey of 
known activation energies for aquation in the bis(ethylenediamine)cobalt(111) series. The stereo- 
chemistry of the product [Co on,(OH (OH,)}** must be regarded as unknown, because the cis- and the 
transform of this cation have been shown to undergo reversible interconversion at a rate which must 
be comparable with that of their collective formation at the relevant pH values (Basolo, J. Amer. 
Chem. Soc., 1960, 72, 4393; J. Bjerrum and Rasmussen, Acta Chem, Scand., 1952, 6, 1265). 

(b) Rate data by Mathieu (locc, cit.) have been halved, since we require the rate of displacement 
of one particular chlorine for comparison with the other rate figures in the Table. The products 
must be at least approximately as stated, because Mathieu (Lull. Soc, chim, France, 1936, 3, 2121; 
1037, 4, 687) has shown that cis-[Co en,Cl,)* gives first cis-[Co engCl(OH,)|*", and then a diaquo-product 
containing much cis-[Coen,(OH,),)**, whilst Bjerrum and Rasmussen have preparatively converted 
trans-(Coen,Cl,|* by aquation into trans-[Co eny(OH,),|** (loc. cit.), presumably by way of the isomeric 
intermediate frans-(Co en,Cl(OH,)}**, which Meisenheimer and Kinderlen prepared (Annalen, 1924, 
438, 238), and Uémura and Hirasawa showed to be fairly stable in acid solution (Bull. Chem. Soc., 
Japan, 1038, 13, 377) 

(c) An activation energy of 22 kcal./mole has been assumed, following a survey of analogous 
known activation energies. 

(d) Rates by Ovenston (Thesis, London, 1936) are halved as explained for a similar case under 
h) above 

(e) Garrick, Trans. Faraday Soc,, 1937, 7, 486 

(f) Brown (Thesis, London, 1952) with the aid of data by Lamb and Fairhill (J. Amer. Chem 
Soc., 1923, 45, 378), and by Bronsted (Z. phys, Chem., 1926, 122, 383). 


we find that a diagram similar to the first of the former ones will express the variation of 
rate of the cobalt substitutions with the electron release or attraction of the orienting 
substituent. 

It being assumed that, as is usually true for carbon substitutions, the strongest kinetic 
polar effects are electromeric, the extreme of electron release among the groups considered 
will be shown by the hydroxy! substituent, the unshared electrons of which can be 
conjugated through cobalt with the bond electrons of the departing ligand; and the 
extreme of electron attraction will be exhibited by the nitro-group, the unsaturation 
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orbitals of which are available for conjugation with cobalt, and thence with the bonding 
electrons of the entering radical by a mechanism to be suggested below : 


HO~ co. 7b o,N-£to “OH, 


As to the remaining groups, we assume, on the basis of organic chemical analogies, that C1 
will act most nearly like OH, and NH,* most nearly like NO,. The position of NCS is not 
theoretically unambiguous, but we might expect a behaviour intermediate between that 
of Cl and NH,* on the empirical ground that the ready oxidation of this ligand with loss 
of sulphur suggests that its unsaturation electrons are concentrated on that atom, #.¢., 


oS 
that this ligand is present in cobalt complexes in a form approximating to ~N®C-S, We 
thus arrive at the polar series, OH, Cl, NCS, NH,*, NO,; and, on examining the data we 
find that, in this series, the rate changes as is illustrated schematically in Fig. 6. Here 
the group NCS has been placed at the minimum, although all that we really know is that 
it is nearest to the minimum. 

Although it has not the status of a proof, this continued reproduction in cobalt substitu- 
tions of the pattern of kinetic effects which constituted the originally offered evidence of 


(S,1) ( Sy2) 


Vic. 6. Schematic illustration of the variation of 
vate of aquation with the polar effect of the 
ovrtenting substituent in substit halogeno- 
bis(ethylenediamine)- and halogeno-tetra- 
ammine-cobalt(1t1) ions; illustrating the 
theory of duality of mechanism in octahedral 
solvoly 545s. 


1 j 1 i 


1 
OH Cl NCS NH; NO, 


duality of mechanism in carbon substitutions seems very significant. In Part II it was 
argued,* on the basis of a less complete reproduction of kinetic pattern than is now disclosed, 
that a similar duality of mechanism applies to octahedral substitution by anionic reagents, 
The present suggestion is that, just as a like duality applies, in organic chemistry to 
solvolysis, including aqueous solvolysis, which could alone provide a diagram like Fig. 6, 
so it applies, in the chemistry of octahedral complexes, to solvolytic aquation, 

Pearson et al. argued ** in favour of the unimolecular mechanism of aquation when 
presenting data for the rate of aquation of frans-dichlorocobalt(in) complexes : 
they found that C-alkylation in an ethylenediamine residue increased the rate, and 
explained this as a steric acceleration. They noted that such an explanation on a purely 
steric basis must inevitably be incomplete, and that their interpretation had its difficulties, 
one of which was that C-alkylation in a trimethylenediamine residue produced a retardation. 
Brown ¢t al. argued,? on the general grounds of the nucleophilic activity of water towards 
metal atoms, that the bimolecular mechanism should appear in aquation. 

The decreasing rate alung the Syl branch in Fig. 6 is easy to understand: electrons 
must be supplied to the seat of substitution in order to facilitate electron transfer to the 
departing ligand: no compensating electronic condition weakens this requirement, inas- 
much as electron importation by the substituting agent does not occur in the rate-controlling 
stage of the unimolecular mechanism. ‘The increasing rate along the Sy2 branch, and the 
accompanying orientational change from NCS to NO,, require to be discussed, 


*! Pearson, Boston, and Basolo, J. Amer. Chem. Soc., 1953, 76, 3080 
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First, as to rate—the picture is different from that presented by the S»2 reaction with 
hydroxide ions. In this alkaline reaction, as we have seen already, all the rate effects are 
much milder, and for the nitro-group are mildly retarding. But now for aquation, we find 
a strong increase of rate along the series NCS, NH,*, NO,. Hence we assume that there 
must be some difference of mechanism between alkaline hydrolysis and solvolytic aquation. 

It will be clear that we cannot introduce the required difference by retaining the concept 
of bimolecular alkaline hydrolysis, and making aquation unimolecular in the series NCS, 
NH,*, NO, For that would require the diametrically opposite rate trend for aquation : 
the nitro-group should be very strongly retarding relatively to the other groups, whereas 
in fact it is very strongly accelerating. 

We could understand the accelerating influence of the nitro-group if we could ration- 
alise the assumption that aquation, when bimolecular, occurs as a form of Sx2 substitution 
in which, for some reason to be considered, the polarisation-demand of the binding of the 
water is much more important than that of the loosening of the displaced group. We 
could, of course, say, simply and fairly plausibly, that the water molecule is so much less 
strongly nucleophilic than the hydroxide ion that it needs more help from polarisation to 
bring it into reaction. But a more detailed, if speculative, description is suggested by the 
theory ™ that the weaker bonds of transition metals are formed with the participation of 
higher ' d orbitals. Outside the completely full 3d orbitals of the octahedral cobalt atom, 
and its fully oceupied set of 3d*494/* bond orbitals, but not much higher in energy, lie the 
empty 4d orbitals, which in principle provide weak binding sites for nucleophilic molecules. 
A site of this kind might have such an energetic value that it could “‘ evaporate,” and so 
bind, a water molecule from solvent water, even though it could not desolvate, and so 
bind, an aqueous anion, such as hydroxide ion. Clearly such a 4d-binding of water would 
he greatly assisted were the underlying 3d-shell to be pulled out of the way, as by a nitro- 

ubstituent, And once a water molecule had been so bound, it might be energetically 
easy for it, and a potentially anionic ligand, to exchange their forms of binding, with the 
result that the anion could be solvated, as by hypothesis it would be, and so could escape, 
whilst the water molecule would remain in the structure. 

secondly, concerning orientation—as for alkaline hydrolysis, so for solvolytic 
aquation, we find that a change of orienting group from NCS to NO, leads to increased 
retention of configuration; but that, relatively to alkaline hydrolysis, the orientation of 
aquation exhibits a general displacement in the direction of increased retention of configur- 
ation. The first of these points can be understood on the basis of the preceding picture; and 

o can the second, if we add the idea that the assumed exchange of bond types begins to be 
felt during the binding of the water, the more so if the exchanging bonds are in proximity. 


EXPERIMENTAL 

(4.1) Prepavations,—trans-Chioronitrobis(ethylenediamine)cobalt(1m) nitrate and cis 
chloronitrobis(ethylenediamine)cobalt(iit) chloride were prepared as outlined in Sect. 1.1, 
the former four times (Found : Co, 18-3; C, 14-9; H, 5-0; N, 26-1; Cl, 11-0. Cale.: Co, 18-2; 
C, 15-0; H, 50; N, 26-8; Cl, 10°7%), and the latter three times (Found: Co, 19-9; C, 16-2; 
H, 6-45; N, 23-7; Cl, 24-0, Calc.: Co, 19-95; C, 16-3; H, 5-8; N, 23-5; Cl, 23-8%). All 
the preparations gave good analyses, and all of the same salt gave identical absorption curves, 
as measured on the Cary instrument under the conditions described in Sect. 1.1. 

The preparations of tvans- and cis-aquonitrobis(ethylenediamine)cobalt(ti1) sulphates were 
accomplished as mentioned in Sect. 1.4 (Found for the trans-salt ; Co, 17-26; C, 15-3; H, 5-4; 
N, 20-3; 5, 98; Cl, 0-01, Found for the cis-salt : Co, 17-2; C, 147; H, 5-6; N, 20-4; S, 94; 
Ci, 0-3. Cak Co, 17-4; C, 142; H, 535; N, 20-656; S, 945; Cl, 00%). Both aquo-salts 
are difficult to prepare, and the analyses indicate the presence of impurities, which could not 
be removed. We know from its spectrum that the /vans-sulphate contained a little naphthionate. 

(4.2) Spectrophotometry.-Apart from the use already mentioned of the Cary Quartz 
Recording Spectrophotometer for purity control, all absorption intensity measurements were 
made with a Unicam quartz spectrophotometer S.P. 500, the 10-mm quartz cell being used. The 
windows of this were kept clear of mist with the aid of silica gel. 


* Taube, Chem. Rev, 1952, 69, 69; Burstall and Nyholm, /., 1952, 3570; Nyholm and Sharpe, 
ibid., p. 3579; Craig, Maccoll, Nyholm, Orgel, and Sutton, /., 1954, 332. 
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(4.3) Kinetics.—Ice-water in a large Dewar vessel served as the thermostat. The acid runs 
require no description, For the alkaline runs, the necessary amount of aqueous sodium hydroxide, 
and of the dry cobalt salt, were brought to reaction temperature in separate 500-ml, flasks, and 
then the alkaline solution was poured on to the cobalt salt, which dissolved immediately, at 
what then became the time-zero, Timed samples were subsequently delivered into cooled 
vessels containing a few drops of concentrated perchloric acid, and the absorption intensity at 
3290 A was measured at once, against similarly acidified blank solutions. 


Grateful acknowledgment is made to the British Council for a Travelling Fellowship granted 
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561. Metal Carbonyl Compounds. Part I1.* 
Some Carbonyl Compounds of Ruthenium. 


By R. J. Irvine. 


Ruthenium carbonyl iodide has been shown to be a halogen-bridged 
polymer. The compound reacts with a number of ligands, namely, pyridine, 
dipyridyl, acetonitrile, aniline, p-toluidine, ammonia, and methyidiphenyl- 
arsine, to form stable octahedral complexes of Ru(11) of the type RuL,(CO),I, 
(L_ = monodentate ligand), which are non-ionic and diamagnetic. 


THE ochre-red compound Ru(CO),I,, first described by Manchot and Kénig * in 1924, is 
the most stable and easily prepared carbonyl compound of ruthenium. It is insoluble 
in the common solvents, does not decompose below 250°, and is only slowly attacked by 
strong acid or alkali. By contrast, the corresponding iron compound is soluble in organic 
solvents and is decomposed by water. The structure*of dicarbonyldi-iodoiron is unknown 
but the instability and other properties are consistent with the apparent co-ordination 
number of four. 

Co-ordination number four is virtually unknown for ruthenium and this, together with 
the marked insolubility and inertness of the compound, suggests that ruthenium carbonyl 
iodide is a polymer. This insolubility precludes the common methods of molecular-weight 
determination. In an attempt to determine the molecular weight by the rate of evapor- 
ation at low pressures,* the vapour pressure at 130° was shown to be less than 10°* mm, 
Hg, very much lower than expected for the monomer. 

Polymer formation could involve either iodine or carbony! bridges and, with two 
bridges between each pair of ruthenium atoms, the usual co-ordination number six for 
ruthenium would be attained. 

Brimm and his co-workers * have shown that bridging carbonyl groups in iron ennea- 
carbonyl have an absorption at 1828 cm."! while the termina! carbonyl groups absorb in 
the region 2000—2100 cm." Dicarbonyldi-iodoruthenium(1) absorbs at 1995 and 2050 
cm.!, and the monomeric compound Ru(AsPh,Me),(CO),I,, which certainly contains 


co ¢o oO 


JN s ° 
(1) wai: KM yo ee nfRu(R-NH,),(CO) 4] (11) 
oo =—-— 


terminal carbonyl, absorbs at 1988 and 2042 cm.'. The most likely structure for the 
dicarbonyldi-iodoruthenium(n) polymer is (I). 

* Part I, /., 1956, 1860. The series title has been changed from ‘' The Chemistry of the Transition 
Elements "’ there used. 


1 Manchot and Konig, Ber., 1924, 67, 2130. 
* Bradley, Evans, and Whytlaw-Gray, Proc. Roy. Soc., 1946, A, 186, 368. 
* Brimm, Lyneh, and Sesny, J. Amer. Chem. Soc., 10564, 76, 3831, 
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The carbonyl iodide was found to be diamagnetic and this supports the idea of a poly- 
nuclear structure with two bridges between each pair of ruthenium atoms. 

Gleu and his co-workers* have examined a number of octahedral complexes of 
ruthenium and found the bivalent ones diamagnetic and the tervalent paramagnetic, as 
predicted by theory. 

The monomeric form of the carbony] iodide, if planar, should have one unpaired electron, 
and, if tetrahedral (sp* hybridisation), should have four unpaired electrons. Carbonyl 
compounds apparently always use inner orbitals for bonding, so the possibility of d*s 
hybridisation with resulting diamagnetism * would have to be considered were it not for 
the weight of evidence in support of the octahedral di-iodo-bridge structure. 

The action of amines such as p-toluidine on halogen-bridged compounds is known to 
result in rupture of the bridges giving mononuclear derivatives,® and compound (II) has 
been obtained by this reaction. 

The usual method of rupturing halogen bridges is to allow the compound to react with 
the amine in a solvent such as benzene. Because of the insolubility of rathenium carbonyl] 
iodide it was convenient to use the ligand itself as solvent. Thus, the carbonyl iodide 
dissolved in hot aniline, and orange crystals of Ru(NH,Ph),(CO),1, separated on cooling. 

The pyridine compound appears analogous to Fe py,(CO),I,, described by Hieber and 

sader.© There is one important difference in properties. The ruthenium compound is 

stable in the presence of a large excess of pyridine, while the iron compound rapidly forms 
(Ke py,jI,. This suggests that the iron is four co-ordinate, i.¢., indicates a structure 
[Fe(CO) py I , 

The derivatives of ruthenium carbonyl iodide are stable in light and air and do not 
decompose below 200°. On stronger heating, iodine is liberated and decomposition to 
ruthenium dioxide is complete at 500°. Sodium hydroxide solution causes slow decompo- 
sition, ultimately with the quantitative formation of sedium iodide and hydrated ruthenium 
oxide. Nitric acid and hot concentrated sulphuric acid liberate iodine or form iodic acid. 

With the exception of the ammonia derivative the compounds are insoluble in water. 
In aqueous solution the ammonia derivative is hydrolysed slowly at room temperature 
and rapidly on heating, especially in the presence of acid, 

All the derivatives are non-electrolytes in nitrobenzene solution, Conductivities 
were determined in M/2000-solution because of the sparing solubilities. Values for the 
molar conductivities varied from 0-23 mho in the case of the tertiary arsine derivative 
to 43 mho for the acetonitrile compound, The conductivity of the former in m/1000- 
solution was 0-22 mho, 

The conductivity of an M/1000-aqueous solution of the amine increased over a period 
of several months reaching a maximum value of 207 mhos, consistently with the existence 
of three ions in solution, and in this aged solution all the iodine could be precipitated with 
silver nitrate, Attempts to isolate the hydrolysis product were unsuccessful, 

The tertiary arsine compound Ru(AsPh,Me),(CO),I, is the only one soluble to any 
extent in organic solvents and a cryoscopic determination of its molecular weight in 
benzene showed it to be mononuclear, 

The derivatives of ruthenium carbonyl iodide reported in this paper are all diamagnetic. 

Five geometrical isomers are possible for octahedral complexes of the type Magbycy. 
This type of compound is rare and, owing to the difficulty of assigning a structure to a 
non-ionic octahedral complex, the configuration of no Ma,b,c, compound is known with 
any degree of reliability. In spite of preparations under differing conditions, only one 
isomer for each of the compounds described has been observed. Both the pyridine and 
the dipyridyl compound had a dipole moment of 8 D, suggesting that in the former the 
pyridine groups are cis to each other but not permitting assignment of the positions of the 
other groups. 


* The author thanks the referees for reminding him of this possibility. 

* Gleu, Brevel, and Rehm, Z, anorg. Chem., 1938, 235, 201; Gleu and Cuntze, thid., 1938, 287, 187; 
Gleu and Breuel, ibid., p, 326. 

* Chatt, J., 1051, 652, 

* Hieber and Bader, Ber., 1930, 63, 1405. 
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EXPERIMENTAL 


Dicarbonyldi-iodoruthenium(u).—-This was prepared by Manchot and Kd6nig’s method ! 
(Found: I, 61-8; Ru, 24-7. Cale. for C,O,I,Ru: I, 61-7; Ru, 247%). It is diamagnetic : 
%g = —O11 xk 10% at 25°. 

Di-(p-toluidine)dicarbonyldt-iodoruthenium(t).—Ruthenium carbonyl iodide (0-4 g.) was 
fused at 100° with p-toluidine (5 g.) until a clear orange melt was obtained. Excess of 
p-toluidine was removed in vacuo at 100°. The compound was obtained as a yellow powder, 
sparingly soluble in benzene, acetone, and alcohol, and insoluble in water, It was also prepared 
by refluxing ruthenium carbonyl iodide for several days with a benzene solution of p-toluidine 
(Found: I, 41-4; Ru, 16-7. C,,H,,O,N,1,Ku requires I, 41:2; Ru, 16-6%). 

Dipyridinedicarbonyldi-iodoruthenium(1).—Ruthenium carbonyl iodide dissolved readily 
in boiling pyridine to a deep red solution from which, after filtration and cooling, the compound 
crystallised as a fine orange powder, It was recrystallised from pyridine and washed with 
ether (Found: C, 259; H, 1:7; 1, 442; Ru, 17-9. C,,H,O,N,I,Ru requires C, 25-3; 
H, 1-8; 1, 44-6; Ru, 17-9%). 

Diamminedicarbonyldi-todoruthenium (11).—Liquid ammonia (50 ml.) was added to ruthenium 
carbony] iodide (0-5 g.) and after a few minutes’ stirring the deep red solution was filtered through 
a pre-cooled sintered-glass funnel. The brown solid remaining after evaporation of the excess 
of ammonia was added to boiling water (100 ml.), and the orange solution filtered and cooled 
as rapidly as possible to minimise contamination with hydrolysis products. Orange crystals 
of the diammine separated (Found: C, 5-5; H 1:4; N, 6-3; Ru, 22:8, C,H,O,N,i,Ru requires 
C, 5-4; H, 1-4; N, 67; Ru, 228%). 

Dianilinedicarbonyldi-iodoruthenium(11).—Ruthenium carbonyl iodide (1-0 g.) was added to 
freshly distilled aniline (10 ml.) at 100°. The dark red solution was filtered and cooled as rapidly 
as possible. Orange crystals of the compound separated and were washed with benzene (Found : 
C, 28-9; H, 21; N, 46; Ru, 17-0. C,,H,,O,N,1,Ru requires C, 28:1; H, 24; N, 47; 
Ku, 17-0%). If the aniline solution was heated for more than a few minutes it became black 
and the product which separated on cooling was contaminated with a paramagnetic impurity. 

Diacetonitriledicarbonyldi-iodoruthenium(n).—A boiling saturated solution of ruthenium 
carbony] iodide in acetonitrile was filtered and, on cooling, orange-red crystals of the compound 
separated ; it was recrystallised from acetonitrile and washed with ether (Found; I, 51/9; 
Ru, 20-5, C,sH,O,N,I,Ru requires I, 51-4; Ru, 20-6%). On exposure to air for several 
weeks the compound darkened and became paramagnetic. 

Bis(methyldiphenylarsine)dicarbonyldi-iodoruthenium(t1). Ruthenium carbonyl iodide (0-3 g.) 
was heated on a water-bath with diphenylmethylarsine (5 ml.) until a clear orange solu- 
tion was obtained. Excess of the arsine was removed at 180° in vacuo, The orange residue 
was recrystallised from benzene-light petroleum. The compound was obtained as orange- 
yellow crystals, m. p. 105° (Found; C, 37-6; H, 2-8; Ru, 11:2%; M (eryoseopic in 1/288%, 
benzene solution), 920. Cy,H,,0,As,I,Ru requires C, 37-4; H, 2-0; Ru, 113%; M, 900), 

Di-2-pyridyldicarbonyldi-iodoruthenium(u).—Ruthenium carbonyl iodide and di-2-pyridyl 
(0-6 g, of each) were refluxed with benzene (500 ml.) for 24 hr, The yellow solution was filtered 
and evaporated until the compound separated as yellow crystals: it recrystallised from benzene 
(Found ; C, 26-4; H, 1-47; Ru, J7-7, CygH,O,N,1,Ru requires C, 26-4; H, 1-42; Ru, 17-9%). 

Dipole Moments.—The dielectric constants of benzene solutions of the dipyridyl and pyridine 
derivatives were determined on an apparatus kindly made available by Dr. W. K. Moore. No 
claim is made for great accuracy of the measurements made on 4 x 10™m-solution. At 20° 
the dielectric constant of benzene was determined as 2-282 and of both the pyridine and dipyridyl 
solutions as 2-286. The dipole moments calculated from these values following Jensen's 
procedure ? were 8-0 + 0-4 D for each of the two compounds 


The author is indebted to Professor Cox, F.R.S., for his interest 


DEPARTMENT OF INORGANIC AND STRUCTURAL CHEMISTRY, 
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562. The Hydrothermal Chemistry of the Silicates. Part VII.* 
Synthetic Potassium Aluminosilicates. 


By R. M. Barrer and J. W. BAYNHAM. 


In an attempt to prepare zeolites and other mineral species containing 
potassium as the only interstitial cation, which have not been found in Nature, 
a series of potassium aluminosilicate gels of composition K,O,Al,O,,nSiO, 
(1 <  < 12) were prepared and subjected to hydrothermal crystallisation. 
The effect of temperature and time of crystallisation on the products, and 
the behaviour of the latter in ion-exchange and sorption experiments, have 
been studied, 


Mucu early work on the synthesis of aluminosilicates suffers from a lack of sufficient 
information on the conditions of crystal growth and the products.* Recent research has 
remedied this, to some extent, for the aluminosilicates of Group Ia and IIa metals.*-* 

Many successful syntheses of naturally occurring potassium aluminosilicates have been 
reported.* However, apart from the work of Miiller and Koenigsberger,® no systematic 
study of the hydrothermal chemistry of the potassium aluminosilicates has been reported. 

Few “ pure "’ potassium framework aluminosilicates are known to occur in Nature. 
One of the most widely distributed minerals in the lithosphere is a potassium felspar, 
orthoclase. There are two further modifications of the felspar (sanidine and microcline), 
three modifications of KAISIO, (bexagonal and orthorhombic kaliophilite and kalsilite), 
and two modifications of leucite (cubic and tetragonal). However, none of the naturally 
occurring zeolites is known to contain only potassium as the interstitial cation, although 
many of them, chabazite and phillipsite inter alia, may contain potassium along with other 
metals. Miller and Koenigsberger ® claimed to have synthesised potassium zeolites but 
their products were crystallised from material containing both sodium and potassium 
Previous studies in these laboratories “"” have shown that the non-occurrence in Nature of 
zeolites or other aluminosilicates of a particular metal does not necessarily preclude the 
possibility of their synthesis in the laboratory under suitable conditions. This study might 
then be expected to yield “ pure’ potassium zeolites or synthetic aluminosilicates if the 
correct conditions for crystallisation are achieved. 


EXPERIMENTAL 

 Analak'’ potassium hydroxide was used. Aluminium hydroxide was obtained by the 
action of water on lightly amalgamated aluminium foil. It was necessary to cool the reaction 
mixture to avoid crystallisation of hydrated alumina, usually bayerite (Al,O,,3H,O). The 
silica was obtained from two sources, (a) Hydrothermal extraction of B.D.H. silica gel 
(containing approximately 156%, of SiO,) at 200° yielded a mother-liquor free from common 
inorganic anions, (b) A very fine silica dispersion containing approximately 30% by weight of 
SiO, was supplied as Syton 2-X by Monsanto Chemicals Ltd. This dispersion had specific 
gravity 1-2, pH10-0, and contained a trace of chloride. 

A series of gels of composition K,O,Al,OnSiO,, where 1 < n < 12, was made by mixing the 
constituents in the required ratios. Latterly no attempt was made to evaporate off any of 
the moisture since this preliminary ageing was found to inhibit crystallisation below 200°, 

The autoclaves used for the hydrothermal crystallisation’ had an internal capacity of 20 ml. ; 


* Part VI, /., 1965, 2480, 

' Parts |--VI: Barrer and White, (a) /., 1051, 1167; (b) 1952, 1561; (c) Barrer, Hinds, and White, 
] , 1958, 1466; (d) Barrer and McCallum, /., 1953, 4029; (¢) Barrer, Baynham, and McCallum, /,, 
1953, 4035; (f) Ghard, Barrer, and Baynham, /., 1955, 2480. 

* Cf, review by Morey and Ingerson, Econ. Geol., 1937, 607 

* Noll, F./.A.T. Rev. of German Science, Inorganic Chemistry, Part II], p. 87; Kruger, ibid., Part 
V, p. 202; Roy, Roy, and Osborne, |. Amer. Ceram. Soc., 19560, 33, 152 

* Eg, Baur, Z. anorg. Chem., 1914, 84, 31; Wyart, Compt. rend., 1947, 225, 944; Barrer and Hinds, 
Nature, 1950, 166, 562; Part III, ref. 1 

* Miller and Koenigsberger, Z. anorg. Chem, 1918, 104, 1. 

* Weiser and Milligan, Chem. Kev., 1939, 26, 1 

’ Barrer, /., 1048, 127 
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the charge in each was wet gel corresponding to 0-5 g. dry weight of the constituents together 
with 15 ml. of solution, The autoclaves were kept at a uniform temperature for the ailotted 
time, then quenched, the products filtered off, and the pH of the cold mother-liquor was measured 
(+05 unit), The product was then thoroughly washed, For crystallisations below 150° 
sealed Pyrex-glass tubes were convenient; their walls suffered no corrosion at the relatively 
low temperatures employed, 

The time required for crystallisation in high yield increased as the temperature was lowered, 
Not more than 16 hours sufficed at and above 300°, but 3-—4 days were required for some 
crystallisations at temperatures below 150°, even with very reactive gels. 

Examination of Products,—The products were examined optically by using a Leitz polarising 
and a Vickers projection microscope. The refractive indices were measured in white light to 
within + 0-006 unit, but owing to the small size of the crystallites no other optical properties 
were determined. Further examinations of crystal habit and purity were made with a Metrovic 
EM III electron microscope. 

The powders were also studied by X-ray diffraction methods, Cu-K, radiation from a Hilger 
HRX unit equipped with 9-cm, cameras being used. Where possible the unit-cell dimensions 
were determined, 

Ion Exchange.—lon-exchange reactions of the products of crystallisation were studied 
by using the chlorides and nitrates of Lit, Na*, Rb*, Cs’, and Ca’*, The hydrothermal method, 
which involves heating the crystals with a saturated solution of the desired salt in a sealed tube, 
was employed, ‘Temperatures from 110° to 200° were used, For one species the vapour-phase 
method using ammonium chloride was also employed to achieve exchange to the NH,’ form, 
The ion-exchange products were washed free from exchanging salt, dried at 120°, and allowed to 
come to equilibrium in air before being examined optically and by X-ray methods, The amount 
of exchange was determined either by analysis of the crystals or by the difference in weight of 
the ignited crystals before and after exchange. 

Analyses of the products obtained in 100%, yield were carried out by standard methods, 
minerals with an Al,O,: SiO, ratio not lower than about 1: 4 being decomposed by repeated 
treatments on the water-bath with concentrated hydrochloric acid. 

Sorption.—This was studied by using the static gas-volumetric method in an apparatus of 
standard design, ammonia and permanent gases being used as sorbates, Ammonia was 
prepared as described earlier," and the gases were supplied in the pure state by the British 
Oxygen Co. 

Results,—The products from gels of composition K,O,A1,0,,n5iO,, in which 1 < 
are listed in Table 2, and in Table 3 are given the products obtained from the same gels when 
excess of potassium hydroxide had been added, For convenience, in Table 1, the products are 


TABLE 1. 
Species Mineral name Idealised Species Mineral name Idealised 
ref, letter or class oxide formula ref. letter or class oxide formula 
A Sanidine K,O,A1,0,, 6510, _ Ke K-Zeolite (~- K,O,Al,0,,nSiO, 4H,0 
.-B a-Quartz SO, chabazite) (236@ ne 415) 
€c Leucite K,0,Al,0,,4510, K sayerite Al,O,,3H,O 
.-D Kaliophilite K,O,A1,0,,25i0, K Boehmite Al,O,,H,O 
.-E K-Analcite K,O,Al,0,,4Si0,,H,O a K-Zeolite (g- K,O,Al,0,3S8i0,,3H,O 
ji K-Zeolite  K,O.Al,0,.25i0,.311,0 phillipsite) 
K-N _ Kalsilite K,0,Al,0,4,28i0, 


given alphabetical symbols. The products listed in Table 2 were all obtained from gels 
evaporated to a milky consistency on the water-bath. This method of gel preparation rendered 
crystallisation more difficult even in the presence of excess of alkali. However, gels obtained 
simply by mixing the constituents in the desired ratios, although lowering the temperature 
limit of crystallisation in the presence of excess of alkali, failed to crystallise when no excess of 
alkali was added. The extent of crystailisation as given in Tables 2 and 3 was estimated by 
optical examination, Only in the case of species KD was any doubt cast on the reproducible 
formation of the product. 

Figs. 1 and 2 show the distribution of the species obtained with variation of temperature and 
gel composition, both with and without excess of alkali. The addition of alkali drastically 
reduced the time required for crystallisation, and so lowered the temperature limit of 


25 


* Murata, U.S. Geol. Survey Ball. No. 950, 1946, p 
* Barrer and Rees, Trans Faraday Soc., 1954, §0, 852 
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crystallisation that a number of low-temperature hydrated species were synthesised. 
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properties of these and other principal species obtained will now be described. 


Quarts (KB) (Plate 1). 
from gels rich in silica. 


K,O,A1,0,, nSiO,g, where 8 << n <— 12, in a liquor of pH > 105, 


The 


This was obtained, usually in minor yield, along with the felspar 
However it was formed in major yield at 300° from gels of composition 
The product grew as hex- 


agonal prisms of relatively large dimensions (~30 4 long) showing moderate birefringence, 


straight extinction, and with ¢ 


1-550 and w 


1-540, 


with the optical data, identify the product as «-quartz. 


Species K-H. 


Alumina 


The X-ray spacings (Table 4), along 


This species occurred both in the initial preparation of alumina 


and as a product from the hydrothermal crystallisation of gels of composition K,O,Al,0,,"SiO,, 


where 2 <n 


K,O,Al,0,,nSiO, 250° 


n" l Poor yield of 
K-M, 
pH ~100 
n 2 Moderate yield 
of : 
pH ~10-0 
7 3 Moderate yield 
of K-M and 
Kd, 
pH ~10-0 
" H No crystn., 
pH ~%5 
n ) V. poor yield 
of K-J, 
pH ~10-0 
n 6 V. poor yield 
of K-A, 
pu ow BD 
n 7 V. poor yield 
of K-A, 
pH ~oO 
n s No crystn., 
pH ~%0 
" y No crystn., 
pH ~#0 
n 10 No crystn,, 
pH ~90 
ni 1] No erystn., 
pH ~90 
nn 12 No erystn., 


pH ~90 


bayerite, Al,O,,3H,Q, 


Vv 


_ 10, when excess of alkali was present. 
rods showing some birefringence and having n~1-560. 


TABLE 2. 


B00" 


Poor yield of 


pH ~80 
Poor yield 
of K-M, 
pH ~80 


Poor yield of 


Poor yield 
of K-A 4 
trace K-M, 
pH ~10-0 
V. poor yield 
of K-A, 
pH ~85 


poor 
K-A + K-I, 
pH ~#0 
V. poor yield 
of K-A, 
pH ~10-0 


V poor yield 


of K-A, 
pH ~100 


Moderate yield 
A 


of K-A, 
pH ~ 80 
Poor yield 
of K-A, 
pH ~75 
Poor yield 
of K-A, 
pH ~80 
Poor yield 
of K-A, 


pH ~80 


yield of 


350° 


Poor yield of 
K-M + K-A, 


pH ~80 


Moderate yield 


of K-A 4 
some K-M, 
pH ~80 


Moderate yield 


of K-A 4 
some K-M, 
pH ~8-0 


Moderate yield 


of K-A, 
pH ~80 


Moderate yield 


of K-A, 


pH ~9-0 


Good yield 
of K-A, 
pH ~80 

Good yield 
of K-A, 
pH ~B 5 

Good yield 
of K-A, 
pH ~80 


Good yield of 
K-E + K-A, 


pH ~8-5 


Moderate yield 


of K-A, 

pH ~9-0 
Poor yield 
of K-A, 
pH ~9-0 
Poor yield 
of K-A, 
pH ~85 


400° 450° 
Poor yield of Poor yield of 
K-A + K-M, K-M, 
pH ~8-0 pH ~8-0 
Moderate yield Moderate yield 
of K-A + K-M, of K-M, 
pH ~80 pH ~80 
Moderate yield Moderate yield 
of K-A 4 of K-M + K-E, 
some K-M, pH ~80 
pH ~80 
Moderate yield Moderate yield 
of K-A, of K-M, 
pH ~80 and K-F, 
pH ~80 
Good yield Good yield 
of K-E + of K-E 4 
some K-A, some K-—A, 
pH ~10-0 pH ~9-0 
Moderate yield Good yield 
of K-A, of K-A, 
pH ~80 pH ~7°5 
Good yield Good yield 
of K-A, of K-A, 
pH ~80 pH ~80 
Good yield Good yield 
of K A, of K-A, 
pH ~80 pH ~$0 
Moderate yield Moderate yield 
of K-A, of K-A, 
pH ~90 pH ~80 
Moderate yield Poor yield 
of K-A, of K-A, 
pH ~80 pH ~90 
Poor yield Poor yield 
of K-A, of K-A, 
pH ~9%0 pH ~8-0 
Poor yield Poor yield 
of K-A, of a 
pH ~80 pH ~80 


The species crystallised in small stout 
The X-ray data identify the species as 


Bayerite was never obtained above 120°, although below this tem- 


perature the crystallisation field under alkaline conditions penetrated even into the silica-rich 


region (Fig, 2a). 
Species KI, 
3 <n 


6, when the coid mother-liquor had a final pH <10-0. 


This species crystallised from gels of composition K,O,Al,O,,nSiO,, where 
The product crystallised in 


relatively large crystals (~20 u long) showing strong birefringence and having « = 1-645 and 
y 1-670, 


‘Ct. ref. 6 


The X-ray spacings identify this species as boehmite.” 


(1956) 


Temp. 


60° 


Gel composition K,O,Al,0,,nSiO,. 


nel 


V. poor yield 
of 
K-G + K-H 


Poor yield of 
K-G + K-H 


Poor yield of 
KF 


Moderate yield 
of K-F 


Moderate yield 
of K-M 


Good yield of 
K-M 


Good yield of 
K-N 


Good yield of 
K-N 
Good yield of 
K-N 


Good yield of 


‘ 


n 
Poor 
K-H 


= 7 
yizld of 
+ some 
K-G 


Good yield of 
K-M + K-G 
Good yield of 
M +- some 
K-F and K-G 
Good yield of 
K-M 


Poor yield of 
KA 


Good yield of 
K-A 


Good yield of 
K-A + some 
K-B and K-C 
Moderate yield 
K K-C 


Moderate yield 
of KA 


of 
N 4 


Good yield of 
K-A + some 
K-B 


) 


a= 
Poor yield of 
K-G + K-H 


Poor yield of 
K-G + K-H 


Moderate Pia 
of K-F 


——— eo 


Moderate yield 
of 


Moderate yield 
of K-M 


Good yield of 
K-N + some 
K-C 


Good yield of 
K-N + some 
K-C 


Good yield of 
K-N + some 
K-C 


Good yield of 
K-N 


n= 8 
=k ma 


Good yield of 
K-M + K-G 
Good yield of 
K-M + some 
K-H 
Good yield of 
K-M 
Poor yield of 
K-A -+- trace 
K-M 


Moderate yield 
of K-A 
Moderate yield 
of K-B + 
some K-A 
Poor yield of 
K-A + K-B 
nee yield 
K-A + K-B 


Good yield of 
mete some 
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TABLE 3. 


new 
Poor yield of 
K-G + K-H 


n= 3 
Poor yield of 
K-G + K-H 


Poor yield of 
K-G + K-H K-G + trace 


K-H 
pea yr (ood yield of 
of K-F K-F 
Moderate yield 


of K-F or K-G 


(depending 
on xs. KOH) 


Poor yield of 
of k 


Good yield of 
K-G 


Good yield of 
of K-M 


Moderate yield Good yield of 
of K-M K-M + K-C 


Good yield of 


Good yield of 
K-N 


K-C -+ some 
K-A 


Good yield of 
K-N aid some 


Good yield of 
K-A + some 


Good yield of 


Good a of 
K-N + K-A 


K-N + trace 
K-C 


Good yield of Moderate yield 
K-N N 


of 


n 10 


V. poor yield 
of K-H 


n= 


V. poor yield 
of K-H 


V. poor yield 
of K-H 
Poor yield of 


K-M + some 
K-H 


Moderate yield Moderate yield 
of K-M + K-H of K-M 


Poor yield of Moderate to 
K--A + trace poor yreld of 
K-M K-B 


V. poor yield 
of K-H 


Poor yield of 
KH 


Poor yield of 
K-B + K-A 


Moderate yield 
of 


Good yield of Excellent yield 
K-B + some of K-B 4 
K-A trace K~A 


Moderate yield Moderate yield 
of of 
K-A +K-B K-A + K-B 


Moderate yield Moderate yield 
of of 

K-A + K-B K-B + K-A 

Moderate yield 


of K-A 4 
some K-B 


Poor yield of 
K-A + K-B 


Moderate yield 
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pH > 10:5 in all cases. 


new S no 6 
Poor yield of Poor yield of 
K-G + K-H K-G + trace 

K-H 
Poor yield of 


Poor yield of 
K-G + K-# 


K-G + K-H 


Moderate yield 
of K 


Good yield of Good yield of 
KG KG 


a of 


yield of 

+ K-M 

yield of 

A + trace 

K-M 

Moderate yield Good yield of 
K-A 


of K-A + -# some 
some K-N K-C 


Good yield of Good yield of 
K-A K-A 


Poor 
K-A 

Good 
K 


Poor yield of 
K-A + K-M 


Moderate yield 
of K-A 


Excellent 
yield of 
K-A 
Moderate yield Good yield of 
of K-A K-A 


Good tay of 
-C 


n= 12 
V. r yield 
KH 


ell 
V. poor yield 
of K-H 


V. r yield V. poor yield 
KH of K-H 


Poor yield of were of 
K-H ~H 


Poor yield of Poor yield of 
K-A and K-# K-A and K-B 


Poor yield of 


Poor yield of 
K-B 4+ K-A 


K-B + K-A 
Poor yield of Poor yield of 
K-B + K-A K-B + KeA 


Excellent yield ge yield 
of K-B 4 B+ 
some K-A potent K-A 


Moderate yield Moderate yield 
of K-A 4 of K-A 4 
some K-B some K-B 
Good yield of Good yield of 
K-B +K-A K-B +4 K-A 
Moderate yield Moderate yield 
f of 


0 9 
K-B4+K-A K-B+K-A 
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TABLE 4. 


Natural 


Az 
= 


“anidine 
d 
6-62 
5-05 
4°22 
3-06 
3°80 
460 
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Leucite 4 2 Kaliophilite 

1 ‘dh’ I ‘d’ 
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Aluminosilicates.-Felspar (IKK-A) (Plate 2). The potassium felspar, K,O,Al,0,,6SiO,, 
crystallised mainly in hexagonal plates showing moderate birefringence with a mean refractive 
index of 1-525. The crystals formed reproducibly over a wide range of temperature and com- 
position (Figs, | and 2¢), The optimum conditions for growth were at 350° from a gel of com- 
position KyO,AlO,,65iO, in a mother-liquor with a final pH »>10-5. The refractive indices 
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and the X-ray spacings (Table 4) identify the product as sanidine, the monoclinic, high- 
temperature modification of the potassium felspar. 

Felspathoids.—Species K~C (Plate 3). This species crystallised principally along with 
K-N (kalsilite) but was also obtained in major yield at 300° trom a gel of composition 
K,O,A1,0,,3Si0, 4+-135% molar excess of KOH in aqueous solution when the mother-liquor 
had a final pH >10-5. Spherulitic crystals were obtained showing moderate birefringence with 


° 
450 


Fic. | Diagrammatic representation of the 
approximate areas of formation of the products 
of crystallisation of gels KgO,Al,Og,nSiO, + 
aq. (NO excess KOH added) 


| oe ee ee 
ney 2 3465 6 7 8 Y WH R 
Composition of gel K,0,A1,0,775i0, 


nas 2 3 
Composition of gels K,0,ALOpSio, 


l'1G. 2. Diagrammatic representation of the approxi- 
mate aveas of formation of the products of evystallis- 
ation of gels K,O,Al,O,,nSiO, + excess KOH (aq.) 


$s 6é€ 7 8 FY WHR 
Composition of gel K,0,A1,0,7Si0, 


mean refractive index of 1510, In Table 4 the X-ray spacings are compared with figures for 
a natural" Jeucite and a synthetic’ leucite. The dimensions of the unit cell of K-C 
(a = 12-02 A; c = 13-70 A) are smaller than those quoted by Naray-Szabo™ for a natural 
leucite (a = 13-01 A; ¢ = 13-82 A) but correspond closely to those given by Wyart ™ for his 
synthetic leucite (a = 12-95 A; ¢ = 13-74 A). 

Species K—-D (Plate 4). Kaliophilite, K,O,A!,0,,2SiO,, was obtained in only one prepar- 
ation, This species occurred as very small lenticular crystals showing moderate birefringence 
with e ~ 1530; w =~ 1535. The X-ray spacings (Table 4) identity the product as kaliophilite 


1! Naray-Szabo, Z. Krist., 1942, 104, 39. 
1? Wyart, Compt. rend., 1941, 212, 365. 
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but whether of the low-temperature hexagonal or the high-temperature orthorhombic form 


remains in doubt. 

Species K-N (Plate 6), Kalsilite, K,O,Al1,O,,2S5iO,, occurred mainly in hexagonal plates 
and occasionally as stout rods showing moderate birefringence with e — 1-535; w = 1-540. 
The optimum conditions for growth were from a gel of composition K,O,A1,0,,3SiO, 4+ 135% 
molar excess of KOH in a mother-liquo: of final pH >10-5. Its formation was severely 
restricted to high temperatures and from silica-poor gels (Fig. 2b). In Table 4 the X-ray spacings 
are compared with those of a natural kalsilite and another synthetic kalsilite.” 

Zeolitic Species.—Species K~E (Plate 6). This is a hydrated potassium analcite occurring 
in well-formed spherulites showing no birefringence and with a variable refractive index 
depending on the temperature of crystallisation. Species K-E was obtained at 400—450° 
from a gel of composition K,O,A1,0,,55i0,. However, an isolated synthesis was obtained at 
200° from a gel of composition K,O,A1,0,,6SiO, in a mother-liquor with a final pH ~8-0. The 
latter product had n ~1-490, The X-ray spacings in Table 4 identified the product as an 
expanded analcite-type structure with a unit cell edge of a = 13-79 A compared with a = 13-70 A 
for analcite “ and a = 13-40 A for cubic leucite.* The crystals lost water when heated to 450° 
and gave a contracted structure with a = 13-70 A and » ~1-420. A preparation at 450° also 
had a unit cell edge of a = 13-70 A but a refractive index of ~1-485. This product on ignition 
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lost 6-02%, by weight. On sintering of the 200° preparation at 800° some transformation to the 
KX-felspar occurred which was completed on sintering and quenching at 1000°. 

Species K-F, This is a new zeolitic species, K,O,Al,0,2SiO,,3H,O, which has not been 
identified with any naturally occurring mineral, The species crystallised at or below 150° in 
small rods showing very weak birefringence with a mean n of 1-500. Maximum yields and 
reproducibility were obtained at 120° from a gel of composition K,O0,A1,0,,45i0O, -- 130% molar 
excess Of KOH in a mother-liquor of final pH »>10-5, The product lost 12-5% by weight on 
ignition at 1000° and had a sufficiently rigid structure to remain unaltered on outgassing at 
-~300°, When heated to 600° for 3 days and quenched, the species was transformed into 
kaliophilite 

Cationic exchange was carried out at 110°, and the Na- and Ca-forms obtained. X-Ray 
diffraction showed that no appreciable alteration occurred in the lattice when these cations 
were introduced. The Na- and Ca-forms lost 15-8% and 16-2%, respectively, by weight on 
ignition at 1000", 

The K*-, Na‘-, and Ca‘t*-forms were not able to occlude oxygen or argon at 90° k, after the 
crystals had been outgassed at 350°, However, ammonia was sorbed very slowly at 293° x. 
At 473° « the Na*- and K*-forms sorbed ammonia fairly readily but the Ca**-form still sorbed 
this gas slowly (Fig. 4). The latter behaviour was explained by the breakdown of the structure, 


“ Rigby and Richardson, Min. Mag., 1947, 28, 75. 
Taylor, Z. Krist., 1930, 74, 1 
‘© Wyart, Bull. Soc. frang. Min., 1938, 61, 228. 
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as shown by general scattering on the X-ray powder photograph of the sample after use. The 
weights of sorbent in Fig. 4 refer to their hydrated state. 

Species K-G. (Plates 9 and 10; Table 5). A number of phases of varying alumina : silica 
ratio crystallised in lenticular habit showing moderate birefringence. The ragged edges of 
the lenticular crystals shown in the electron micrographs suggest that they are aggregates 
of tiny crystals. The optimum conditions for growth were at 150° from a mother-liquor of 
pH >10-5. 

A series of specimens was prepared and analysed, The chemical composition and refractive 
indices are given in Table 6, The gradual increase in silica content is accompanied by a decrease 


TABLE 5 
Natural 

K-G ‘ chabazite 
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TABLE 6, 
er Refrac > Molar proportions 
Sam pl Gel (KOH) added Ultimate ge! indices (Al,0, = 1-00) 
no composition % composition 7 K,O SiO, 
K,0,A1,0,,35i0, 2-5K,0,A1,0,,35i0, 1-480 092 230 
K,0,Al,0,,48i0, 2-4K,0,A1,0,,4510, 1490 1495 Ll) 266 
K,0,Al,04,48i0, 3-756K,0,Al,0,45i0, 1-476 1 009 2-66 
KO, AL.O,5Si0, 4:1K,0,Al05,5510,/ 1465 1 0-05 272 
K,0,A1,0,,5Si0, 2-5K,0,A1,0;,55i0, 1-460 1 100 «01 
K,0,A1,0,,68i0, 2-5K,0,A1,0,,6510, 1470 | 103 415 


in the refractive indices, which are, however, also influenced by a variation in the water content. 
In Fig. 5 the X-ray powder patterns are compared inter se and with that given by a natural 
chabazite (Bay of Fundy, Nova Scotia) cation-exchanged to a potassium-rich form, This 
Figure shows the most siliceous sample to be almost identical with the natural mineral. How- 
ever, the more aluminous samples give patterns with some differences at higher angle reflections. 
rhe clearest difference resides in the number of diffuse reflections shown by the aluminous 
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samples, The small particle size of the specimens might be thought to create some diffuseness, 
but the crystals of the more siliceous samples are not observably larger and do not exhibit the 
diffuse reflections. Again, not all reflections in the aluminous crystals are diffuse, suggesting 
that disorder or imperfection is occurring only in certain lattice planes. 

These phases could all be indexed on the rhombohedral crystal system with a unit cell edge 
of a ~ 962 A which remained constant despite the variations in chemical composition. “ 
Since the Al-O bond length is greater than the Si-O bond length, distortions must occur in a 
structure as the aluminium content is increased if the unit cell edge remains constant. These 
distortions may be localised, or the strain may distort the complete rhombohedral unit cell, 
e.g., by altering the angle of the rhomb, The angle of the rhombohedron of the aluminous 
samples is a = 93° 20’ compared with 94° for the siliceous samples and 94° 24’ given by Wyart * 
for natural chabazite. 

Species K-G appears, then, to consist of a number of chabazite-like phases of different 
composition, the varying alumina: silica ratio and hence cation density causing slight 
differences in the X-ray diffraction patterns and other properties, Each member of the series 
undergoes ready cation exchange and the Li*-, Na*-, NH,*-, Rb*-, Cs*-, and Ca**-forms were al! 
obtained, 

Species K-M_ (Plates 7 and 8), This was a major species in many crystallisations 
from mother-liquors of final pH both less than and greater than 10-0. Species K-—M, 
K,O,A1,05,3510,,3H,0, crystallised in characteristic ‘‘ wheatsheaf bundles '’ and spherulites com- 
posed of fibres radiating from the centre which showed moderate birefringence with a 1-490; 
y ~ 1495. The habit shown on Plate 8 also occurred. The lowest temperature recorded for 
the synthesis of the species was 85°, and optimum conditions of growth were at 250° from a gel 
of composition K,O,Al,0,,3SiO,, The X-ray spacings (Table 4) identify the species with 
another synthetic potassium aluminosilicate “ and show the structure to be similar to that of 
a natural phillipsite and of a synthetic calcium aluminosilicate.” A baritsn aluminosilicate 
found in Nature with kalsilite™ also has a comparable X-ray powder pattern. This species 
occurred in acicular bundles with n ~1-500 and may be wellsite. 

Species K-M readily underwent cation-exchange at 110° to the Na*- and Ca**-forms without 
showing any appreciable alteration in the lattice. The K*-, Na*-, or Ca**-forms did not show 
any appreciable sorptive powers towards oxygen or argon at 90° Kk when dehydrated at 350°. 
However, at 293° k all the dehydrated forms sorbed ammonia quite rapidly, equilibrium being 
reached in a few hours (Fig. 3), 


DISCUSSION 


Alumina crystallises at room temperature to either bayerite or boehmite.'’® We 
have also observed bayerite to be the product from an aged alumina gel. This pre-crystal 
lisation rendered the aluminosilicate gels less reactive and was avoided by the use of 
freshly prepared alumina in all gels. Species K-H and K-—I, bayerite and bochmite 
respectively, as shown in Figs. 1 and 2a, were crystallised under the specified conditions 
and were not products of pre-crystallisation. 

The distribution of species K-B (a-quartz) clearly illustrates the fact that alkali 
acts as a selective mineraliser of quartz only from gels rich in silica.” The quartz 
was crystallised from these highly reactive aluminosilicate gels at the comparatively low 
temperature of 150°, 

The potassium felspar was obtained as the monoclinic, high-temperature form. 
However, the synthesis of high-temperature modifications under low-temperature hydro 
thermal conditions is in line with recent work." A recent study of the naturally occurring 
potassium felspars * has suggested that most of these potassium felspars crystallised as 
the monoclinic modification and the presence in Nature of the microclines (triclinic) is 
largely due to inversion and not growth. Again, sanidine, the monoclinic modification, 


'* Cf. natural chabazite, Wyart, Bull. Soc. frang. Min., 1933, 56, 81. 
'? Barrer, unpublished work 

'* Bannister and Hey, Min, Mag., 1941/43, 26, 218. 

'* Noll, Neues Jahrb, Min., Beil. Bd., 1935, 70, 65 

* Warrer, Nature, 1046, 157, 754. 

*: Cf. ref. 1b; Goldsmith, Amer, Min., 1049, 94, 471. 

* Goldsmith and Laves, Geochim. Cosmochim, Acta, 1954, 6, 100. 
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is regarded,as having the highest degree of Al-Si disorder. The crystallisation of highly 
reactive gels is likely to occur rapidly from a high degree of supersaturation. In these 
circumstances the ordered incorporation of aluminium and silicon into the aluminosilicate 
framework is unlikely. It is not then surprising that sanidine, although not thermo- 
dynamically the most stable under the conditions employed, is the product of crystal- 
lisation from gels of suitable composition. This potassium felspar was successfully 
crystallised at the relatively low temperature of 150° and, in agreement with the results 
of Goldsmith and Laves,™ this suggests that the potassium felspars should not be used in 
geological thermometry. 

The potassium felspar occurred as a minor species in the preparation of a hydrated 
potassium analcite at 400--450°. When the pH of the mother-liquor was raised by 
addition of potassium hydroxide solution, a potassium felspar crystallised in an analcitic 
habit. This suggests the initial crystallisation of an analcite-type structure with subsequent 
transformation to the felspar. The hydrated potassium analcite, in contrast to leucite, 
is metastable to the felspar structure at high temperatures and in this way behaves similarly 
to analcite.™ 

Wyart * stated that he succeeded in preparing kalsilite and orthoclase by hydrothermal 
methods, but never the product of intermediate composition, leucite. This has not been 
our experience, since leucite was the final product when the time factor was varied from one 
to five days provided the other conditions for optimum yield were maintained. However, 
both above and below 300° leucite was metastable to kalsilite under similar conditions. 

The occurrence of a chabazite-like series of variable alumina : silica ratio is particularly 
interesting. It appears directly to corroborate Winchell’s theory™ of the existence of 
isomorphous series in the zeolitic class. Study of sorption by these phases yields further 
information on the relationships between them and the natural chabazite and will be 
discussed in another paper. 

The occurrence of a near-phillipsite is widespread in the crystallisation field of the 
potassium aluminosiiicates. The stability of the structure is emphasised by its being 
unaltered when the material was heated at 650° for 3 days, and quenched. There was, 
however, transformation to leucite at 1026°. It may then seem surprising that a“ pure 
potassium phillipsite has not been found in Nature. However, the low-temperature pre- 
paration of the very stable felspar structure (~150°) may offer some explanation of this. 

Phillipsite is common in deep-sea deposits where its formation is due to the action of 
ions in solution with sedimentary material.25 Crystallisation must take place at very low 
temperatures under these conditions, although the lower limit achieved by us was 85”. 
Indeed, crystallisation at this temperature only occurred from a liquor of very high pH 
such as would not be expected on the ocean bed. However, one cannot hope to emulate 
the time factor involved in the growth of crystalline species in Nature. 


We are indebted to Mr. G. A. Gard, B.Sc., of the Chemistry Department, Aberdeen 
University, for the electron-micrographs. One of us (J. W. B.) acknowledges the award of a 
D.S.1.R. Maintenance Grant. 
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*% Wyart, Discuss. Faraday Soc., 1949, §, 323. 
* Winchell, Amer. Min., 1925, 10, 145. 
*8 Mason, ‘' The Principles of Geochemistry,’’ Wiley & Sons Inc., New York, 1962, p. 170 
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Synthetic Chabazites: Correlation between Isomorphous 
Replacements, Stability, and Sorption Capacity. 
By R. M. Barrer and J. W. Baynunam. 


A study has been made, for synthetic and natural chabazites, of the 
influence of isomorphous replacements and of ion exchange upon the capacity 
to occlude water, oxygen, and argon. Exchanges 2Na = Ca in crystals of 
fixed Al: Si ratio represent a change in cation valency and density with little 
change in cation radius. After about two-thirds of the Ca had been replaced 
by Na there was a characteristic decrease in the amount of oxygen or argon 
sorbed in crystals having Al,O,: SiO, = 1: 4-9. In some of the preparations 
a strong selectivity between oxygen and argon developed. This selectivity 
and the decrease in sorption capacity were influenced by the experimental 
conditions of the exchange. 

Isomorphous replacements LiAl==Si, NaAl= Si, KAl = Si, 
RbA| = Si and (}Ca)Al = Si were obtained over a range in Al,O, : SiO, 
ratios from 2-3 to 4:15. These are accompanied by changes in cation density 
and framework charge, Water was freely sorbed by all the crystals 
examined, and water retentivity was in the order Ca > Na > K, in any one 
crystal of fixed Al,O,; SiO, ratio, K- and Rb-Chabazites did not occlude 
oxygen at 90° x, but the more siliceous Li- and Na-chabazites were good 
sorbents of oxygen and argon. Ca-Chabazites sorbed oxygen and argon still 
more copiously, and even in some aluminous crystals. Sorption was 
correlated with exchanges Li == K, Na=-™ K, K = Rb for fixed alumino- 
silicate framework charge. The dispositions of ions within the framework 
needed to explain these observations have been discussed, 

In addition to the moderation of sorption capacity by ion exchange and 
isomorphous replacements, effects arise owing to salt occlusion, thermal 


instability, alkali extraction, and hydrogen-ion exchange. Metamorphosis 
of an aluminous chabazite into the nosean structure was observed under 
certain conditions. 


In gas-sorbing zeolites, cations and occluded molecules co-exist together throughout porous 
aluminosilicate frameworks, and there is evidence that the cations may influence tion 
in decisive ways, Using natural chabazite Rabinowitsch and Wood ! found that sodium- 
rich crystals occluded little nitrogen but considerable hydrogen, but that potassium-rich 
crystals sorbed little of either gas. On the other hand, calcium-rich crystals are known to 
sorb many species, including molecules as large as n-heptane? Kington and Laing 
(personal communication) found their Na-chabazite to be a poor sorbent of oxygen and 
hydrogen, although Addison and Barrer * observed a sorption capacity for oxygen of over 
) cm." at S.T.P./g. in another sodium-rich chabazite. These variable results, as well as 
the evidence of large effects of different ions upon sorption capacity, suggested the need for 
a systematic study of the relations between interstitial cations and gas-sorbing properties 
of zeolites. 

Two other relevant investigations have been made.*:* In the first, mordenite crystals 
enriched by ion exchange in lithium, sodium, potassium, ammonium,* calcium, and barium 
were studied in relation to intracrystalline diffusion of permanent and inert gases. 
Diffusion was influenced strongly but in a complex manner by ionic radii and by ion 
valency. In the second research, sorption equilibria were measured in crystals of natural 
chabazites enriched in lithium, calcium, barium, and ammonium.* All these forms sorbed 
copiously the more condensable inert gases, but differences were noted in the affinity and 


* These ammonium forms may by loss of ammonia have changed in part, during outgassing, into 
the hydrogen forms 
' Rabinowitech and Wood, Trans. Favaday Soc., 1936, 32, 947. 
* Barrer, Ann, Reports, 1044, 41, 31, 
* Addison and Barrer, /., 19565, 757. 
* Barrer and Riley, Trans. Faraday Soc., 1960, 46, 853. 
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in the heat of sorption. Again the cations play a significant role in the sorption processes. 
A further moderating influence upon sorption and diffusion has been established in both 
mordenite and chabazite, an effect which brings into the picture the water affinity of the 
cations. Small polar molecules (H,O, NH;, NH,Me) introduced in controlled amounts into 
the previously outgassed crystals may be immobilised at low temperatures (— 183° c) and 
can then influence strongly and in a selective manner the intracrystalline diffusion of non- 
polar species.® In chabazite, heulandite, and stilbite, water retentivity among exchange 
forms is in the order ®* Ca > K, and more rigorous outgassing may be needed for calcium- 
rich than for potassium-rich crystals to reach a given stage of dehydration. 

The variables which may be at our disposal in relating gas-sorption to intracrystalline 
cations are: (1) Cation density. This may be changed for the same cation by isomorphous 
replacements of the type KAl==™ Si. (2) Cation valency. This can be changed through 
simple ion exchanges such as 2Na==™Ca. Cation density and position and water 
retentivity may all be altered. (3) Cation radius. This may also modify cation position 
and water retentivity but for ions of the same valence does not change cation density. 

Barrer and Baynham (unpublished work) discovered how to synthesise potassium 
chabazites and near-chabazites of varied Al,O, : SiO, ratios, and Barrer and Bultitude 
(unpublished work) have synthesised the sodium form. Through further ion exchanges it 
has been possible, using these materials, to realise all three of the above variables. We now 
present the results of an investigation of the influence of these variables upon the gas-sorbing 
properties of chabazites, and attempt an explanation. 

1. Crystal Structure of Chabazite-—Wyart 7 has made a structure determination of 
chabazite, which he considers to possess an anionic framework similar to that in the sodalite- 
nosean minerals. However, a slight distortion of the framework changes the crystal 
symmetry from cubic to rhombic. Some consequences of this structure from the view- 
point of sorption have been considered by Kington and Laing.® 

From the structural viewpoint the important unit is a cage with 14 faces built from eight 
rings of six (Al,Si)O, tetrahedra, and six rings of four such tetrahedra. These cages are 
then stacked in eight-fold co-ordination by a sharing of each six-membered ring by two 
cages. This gives a near-cubic array of polyhedra. It is evident from the mode of 
stacking that each cage has eight ‘ windows ”’ (the six-membered rings) opening into eight 
other cages, so that a continuous criss-crossing network of channels exists. If we accept 
the Wyart structure the windows are not all of equal dimensions, those lying along and 
normal to the trigonal axes being slightly larger than the others. Kington and Laing have 
calculated « free diameter of ~3-2 A for the larger windows and ~2-3 A for the smaller. 
They show that the former, but not the latter, readily allow intracrystalline diffusion of 
argon of 3-8 A diameter. 

Although Wyart 7 made suggestions regarding the cation positions these are not settled, 
nor is there any evidence that in the water-free crystals the cations are placed as they are 
in the hydrated crystals. Inachabazite having base : Al,O, : SiO, = 1: 1: 4 there are two 
univalent cations per cage, and it is possible to dispose of these so as to block the larger 
windows, while still preserving the crystal symmetry. Evidently it is fully possible in 
theory to eliminate the sorptive capacity of the crystals by cation dispositions and by 
changes in cation density. Some of the possibilities will be discussed below in relation to 
the experimental results. 

2. Isomorphous Series in Chabazite and Experimental Materials.—Winchell® suggested 
that some zeolites could show isomorphous replacements such as NaSi = CaAl more 
complex than those of simple ion exchange. This theory rested upon analyses of zeolites 
the composition extremes for chabazite being Ca,Al,digg049 and NaCagAlySigg gq. 
Wyart 7 considered yet more complex replacements, for example, AlNa, = SiCa. 
Winchell’s view requires a constant number of atoms per 80 oxygen atoms, but Wyart’s 


® Barrer and Rees, Trans. Faraday Soc., 1954, 60, 989. 

* Lowenstein, Z. anorg. Chem., 1909, 68, 69. 

’ Wyart, Bull. Soc. frang. Miner., 1933, 66, 106. 

* Kington and Laing, Trans, Faraday Soc., 1956, 61, 287 
* Winchell, Amer. Min., 1925, 10, 88. 
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involves no such limitation. Wyart’s suggestion represents the sum of two types of 
isomorphous replacement : NaAl = Si and 2Na <™ Ca. 

The analyses listed by Winchell gave Al,O, : SiO, = 1 : 3-71 for the most aluminous 
chabazites and 1 : 60 for the most siliceous; those given by Wyart indicated 1 : 3-26 for 
the former ratio. According to Lowenstein # the maximum substitution of aluminium 
for silicon in any framework based only on linked tetrahedra is 50%, giving the theoretical 
limiting ratio Al,O,: SiO, «1:2. Barrer and Baynham not only demonstrated by direct 
synthesis the correctness of the isomorphous replacement KA] =— Si but also extended 
the range of this replacement down to 1 ; 2-3 or even less. The most siliceous synthetic 
chabazites made by Barrer and Bultitude had Al,O,: SiO, = 1:47. There were thus 
available for the study of sorption many chabazite-like crystals in which the cation density 
is systematically varied, From these structures, by ion exchanges of the types Na = K, 
Ca = 2K, other forms were obtained, and all the variables mentioned in the introduction 
were realised. 


In Table 1 are given some details of the K-chabazites used in this work. Although yields 
were normally high, in all the synthetic chabazites there is the possibility of simultaneous 
occurrence of small amounts of alumina and of uncrystallised gel. This can cause some 


TaBLE 1, Crystallisation of some potassium chabazite-like phases. 


Sample Gel compn, (oxide Excess of KOH aq. Ultimate compn. (excluding 

no formula excluding H,0) added (%) H,0) 

1 K,0,A1,0,5,35i0, 150 2-5K,0,A1,0,,3Si0, 

2 K,O,Al,05,45i0, 140 2: 4,0, ALO, 4SiO 

4 K.0,AL,O,, 4Si0, 275 3:75 ,0,Al0y,4S10, 

4 K.0.Al,0,,58i0, 310 41K,0,A1,0,,5Si0,- 

b K,0,Al,04,55i0, 150 2-5K,0,Al,0,,5Si0, 

‘ K,0,Al,O,,68i0, 150 2-5K,0, Al,0,,6Si0, 

Sample Crystallin, Refractive indices Ratio, 

oo conditions of product Ko MO sie He x H,0 : cations 

l 3 days at 150° a =» 1480 0-92 1-00 2-30 3°40 1-85 
y = 1-485 

2 4 days at 150° a= 1490 1-1) 1-00 2-56 2-62 1-15 
y = 1495 

3 2 days at 150° a «= 1475 0-99 1-00 2-66 3-72 1-88 
y = 1480 

4 4 days at 150° a = 1-465 0-95 1-00 2-72 3°94 2-08 
y « 1470 

5 4 days at 150° a «= 1-460 1-00 1-00 3-91 4-63 2-32 
y = 1-465 

6 1 day at 150° a =» 1470 1-03 1-00 4:15 4:38 2-13 
y ~ 1475 


variations in composition (e.g., sample 2). All the crystallisations yielded products less siliceous 
than the parent gels. From these preparations many ion-exchanged forms were derived by 
procedures which, because it transpired that the exchange conditions could influence the 
behaviour, will be described later. 

An isomorphous series of chabazites with compositions in the range Na(0%),Ca(100%) to 

Na(100%),Ca(0%) was also prepared from natural chabazite having, by free from 

woter, the initial composition (Na,,Ca)O ; Al,O, ; SiO, = 1:1: 4-9, with Na , and Ca 
80%. Pure Na-chabazite was obtained from these crystals by two treatments, , 7 days each, 
with saturated sodium chloride at ~100°, This was followed by percolation with 20% aqueous 
sodium chloride for eight hours at ~100°, Pure Ca-chabazite was made by three treatments of 
seven days each with concentrated aqueous calcium chloride at 100°, Both sodium and calcium 
forms were thoroughly washed and their cationic purity checked by chemical analysis, From 
these stock materials a series of equilibrium (Na,Ca)-chabazites was made by further treatments 
with solutions of sodium or calcium chloride, or their mixtures, as indicated in Table 2. 
Although the times allowed for equilibration were long, subsequent experience showed that very 
much shorter reaction times would also have given equilibrated products." 

3. Investigation of Crystals.—A Hilger HRX X-ray unit, using filtered Cu-Ka radiation and 
%-cm. powder cameras, was used to characterise and compare the various ion-exchanged forms. 


Lowenstein, ibid., 1954, 39, 92. 
't Barrer and Sammon, J., 1955, 2838. 
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Optical examination was made with a Leitz polarisation microscope. Chemical analysis of the 
solid or of the equilibrium solutions was by standard procedures."* 


TABLE 2. Preparation of mixed Na,Ca-chabazites. 
Conditions of exchange (0-5Nn-solutions) Calcium enshonge (%) 
o- 607 B. ‘5 ml, CaCl,; 0-5 ml. NaCl; 14 days at 75° 
ml. 1,; 4 ml. NaCl; 14 days at 75° 
. CaCl,; + 5 ml. NaCl; 14 days at 75° 
ml, NaCl; 14} days at 75° 


Prep. no. 


; 28 days at 75° 
1,; >7 days at 25° TT © 
0- 2420 g.; 5 ml. CaCl,; 14 days at 75° 
Nos. 1—-3, 5, 8, 9: Na-chabazite. Nos. 4, 6,7: Ca-chabazite. * Products 6, 7, 8, and 9 were 
combined to give one sorbent, taken as 76% exchanged to Ca. 


The gas-sorbing properties of the isomorphous series of crystals were investigated, for oxygen, 
nitrogen, hydrogen, helium, and argon supplied in the pure state. Liquid oxygen (— 183°), 
liquid nitrogen (— 195°), and solid carbon dioxide (— 78°) were used as low-temperature baths, 
Sorption was conveniently measured by the gas volumetric method. To remove intra- 
crystalline water the crystals were outgassed for about 16 hours at temperatures up to 350°, 
before being used as sorbents, They were also thoroughly outgassed between sorption runs, 
under the same conditions. 

Fic. 1. Modifications in the oxygen, nitrogen, and argon isotherms at —183° in a natural chabazite, 
due to the exchange 2Na qm Ca. 
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4. Sorption in Relation to Cation Exchanges 2Na + Ca.—-In the exchange 2Na = 
Ca we have two ions of almost the same radius. The direct effects upon occlusion of change 
in valency are then measured. They may be associated with change in cation density, and 
may involve other factors such as re-siting of cations following exchange. The crystals of 
Table 2 were employed, and in addition crystals containing either 100% sodium or 100%, 
calcium. In Figs. la, 6, and ¢ are shown isotherms obtained for oxygen, nitrogen, and 
argon at —183° in the Na,Ca-chabazites of Table 2, They show that some of the sodium- 
rich sorbents have a much diminished sorption capacity. Isobaric sorptions at —183° 
and at 20 cm. pressure are shown as functions of the cationic composition in Fig. 2. A 


48 Groves, “ Silicate Analysis,” Allen and Unwin, London, 1951. 
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rapid drop in sorptive capacity occurs in crystals <35%, exchanged to Ca, and moreover 
the crystals then show a marked selectivity for oxygen as compared with argon, in much the 
same way as mordenites and levynite.* The time of equilibration over long intervals 
had little effect upon the amounts sorbed in this calcium-poor range, so that slow sorption 
processes, if present, are on a time scale inaccessible to experiment. 
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The attractive possibility of producing, by simple ion exchange, highly selective sorbents, as 
between oxygen and argon, was then investigated further with various Na-chabazites. The 
first of these was prepared much more rapidly than the selective sodium-rich forms of Table 2, 
but was derived from a chabazite with the same ratio Al,O,: SiO, = 1:49. The crystals of 
this natural chabazite ground to pass 200 mesh were given three two-hour treatments on the 
water-bath with 20% sodium nitrate solution, This time the selectivity between oxygen and 


* Barrer, Trans. Faraday Soc., 1949, 45, 363; Nature, 1947, 159, 508. 
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argon had largely disappeared (Fig. 3, curves 1 and 2), while the occlusion of both gases was more 
copious, 

Another Na-chabazite was then prepared from the stock of natural chabazite used for the 
previous specimen, Coarser crystals were used, but the treatment was more prolonged, Three 
treatments were given on the water-bath, each with 15%, aqueous sodium nitrate, and were 
followed by percolation for 24 hr. with the hot reagent. A measure of selectivity had then 
appeared between oxygen and argon, the total sorption of argon being much reduced (Fig. 3, 
curves 3 and 4), The crystals from this experiment were removed and treated for 7 days with 
10% aqueous sodium nitrate on the water-bath, since it was now suspected that the behaviour 
was being influenced by the time of contact of the crystals with hot solutions, This time the 
sorption of both oxygen and argon was reduced to a very small value indeed, in confirmation of 
the above view (Fig. 3, curves 5 and 6). 

In order to demonstrate that even the inactive crystals could recover their sorptive capacity, 
give’ .-pvea*e treatment, they were first ground, but without showing any recovery of 
sii cotiwe i ove?, ate) then reconverted into the calcium-rich form, by two treatments each of 
newer diye oth © .centrated calcium chloride solution, Then the sorption of oxygen exceeded 
L4cm. ate) Piig. (Pic, 3, curve 7), Finally, in order to show that the suppression of sorptive 
avtiviy obsetved o enger exposure to hot solutions containing sodium was not due to more 
complete exchange, oxygen isotherms were determined for two synthetic sodium chabazites, one 
with an Al,f =>, ratio cy 1: 4-7 and entirely free from cations other than sodium, and the 
other also )oviny » igh alumina: silica ratio, with only sodium except possibly for a small 
contamination b icaacm.* Both samples occluded oxygen freely, in larger amount than 
any of the earlier, <!01o rich samples (Fig, 3, curves 8 and 9), 


The foregoing observ.t:ons show that ion exchange of sodium in place of calcium, 
combined with a seca j-r2e88 (which might be a side reaction such as hydrolysis or salt 
occlusion (Sectios ),, «.-: yield from siliceous chabazites a variety of sorbents. These 
range from products ~! ich readily sorb both oxygen and argon to products whieh sorb 
oxygen but little argo... co products which sorb little of either gas. The synthetic sodium 
chabazites sorb oxygen more freely still, and the capacity for oxygen rises to about two- 
thirds of that shown lvy the Ca-form of chabazite. Moreover the loss of sorptive power 
which may be associated with the second factor in sodium exchange did not prevent 
recovery of very high sorptive power on grinding and reconversion into the Ca-form. 
X-Ray powder photographs gave »o evidence of loss of crystallinity in any of these 
products. 

5. Isomorphous Reficcos: ei: “i *,, = Si and Sorbent Capacity.—As the aluminium 
content of the anionb: {: :"v <. in*veae»s 80 do the framework charge and, therefore, the 
number of cations fs" =. ' “With compositions M,O ; Al,O,: SiO, = 1:1: , the 
numbers of univaler* © fieae poy dk ool for different values of n, are : 


@ vesees ‘ : 5 
Ions M’* per unit cell Oy 40 34 


From the structure given in Section 1 and the :!.crr Vic unit cell with a ~8-9 A and « ~94°, 
it may be shown that there are two cages per ¢u.' cell, and in the silica-rich crystals 
discussed in Section 3 there were 1-74 Na’ or #57 Ca’* ions per cage. This cation 
density increases to 2-57 Na‘ or 1-29 Ca** ions per cage in the most aluminous product 
of Table 1 (where 0-92: 1 : 2-3 = K,0:Al,0,:SiO,). Obvious possibilities exist for changing 
the gas-sorbing properties of the crystals by such increases in cation density, Not only 
may molecules diffuse less readily, but different numbers of ions must be arranged with 
molecules, such as water, in the cages. From the constancy of the unit-cell volumes among 
the crystals for different Al,O, : SiO, ratios (Barrer and Baynham) we suspect that the 
cages also remain rather constant in dimensions. 

From the compositions of the parent crystals (Table 1) and from the water contents 
of these and of their ion-exchanged forms, the numbers of water molecules per cage under 


* The first of these materials was synthesised in these laboratories by Mr, F. W. Bultitude, who 
also measured the sorption isotherm of curve 8; the other was synthesised in the laboratories of Linde 
Air Products Co., by whom it was kindly supplied. 


2898 Barrer and Baynham : 


TasLe 3. Water molecules per cage in chabazites of varied Al,O, : SiO, ratios. 
Univalent Univalent .,, 

Si0,:Al,0O, cations Water molecules per cage cin: 41,0, cations Water molecules per cage 
ratios per cage K-form Na-form Ca-form ratios per cage K-form Na-form Ca-form 
2-30 2-57 47 56 6-3 3-91 2-03 : 6-2 
2-65 2-56 4-8 59 6-2 4-15 2-01 , ° 5-8 
2-72 2-42 50 55 66 49° 1-74 

* Natural chabazite. 


Via. 4. Isotherms for occlusion of oxygen at —183° for different ion-exchanged forms derived from various 
synthetic K-chabasite-like rater In Fig. 4a the Al,O,: SiO, ratio of the crystals is 1:23; in 
hig 4b, 1: 2-66; in Fig. 4c, 1: 2-65; in Pig. 4d, 1: 2-72; in hig. 4e,1: 3-91; im Fig, 47,1: 415. 
Sorption units ave om.* at S.T.P. for a fixed number of unit cells, viz., that in 1 g. of K-form with 
SiO, : AlyO, — 4°15. 
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ordinary atmospheric conditions can be calculated (Table 3). The water content per cage 
is in the order Ca > Na > K. The greater cation concentration is associated, as noted 
above, with higher anionic framework charge. The water retentivity thus rises with the 
polarising power of the cations. 

While water molecules readily penetrate K-chabazite crystals of all Al,O, : SiO, ratios, 
this is not the case with small non-polar molecules such as oxygen and argon. The 
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potassium and rubidium forms of the chabazites of Table 1 were in no case able to occlude 
appreciable amounts of oxygen at 90° k (Fig. 4). This was true also of the most aluminous 
of the sodium and lithium forms (Figs. 4a, 6, c, and d). However, for the most siliceous 
crystals (Table 1, samples 5 and 6) the latter two forms have become satisfactory sorbents of 
oxygen (Figs. 4e and f). 

The Ca-forms of the two most aluminous crystals (Table 1, samples 1 and 2) were also 
rather poor sorbents of oxygen at 90° k, as shown in Figs. 4a and 6. Ca-forms of samples 
3, 4, 5, and 6 moreover showed an increasingly good capacity for occluding oxygen (Figs. 4c, 


Fic. 5. Isotherms for occlusion of argon at —183° in Ca-forms and Na-forms respectively of the preparations 
1—6 of Table 1. Each isotherm is given the number of the preparation of Table | which was used. 
Sorption units are as for Fig. 4. 


Sorption 


> 


Li Oy 
x — Expy 
o 5 10 1S 20 


Pressure (cm.Hq) 


e— *® 


- Notural chabazite~.,, 


Ca’* 


Fic, 6. Influence of the replacements (4Ca) Al == Si 

and NaAl = ™ Si on the sorption of oxygen at 

183° and at 20 cm. Hg pressure in synthetic 
chabazites. Sorption units are as for Fig. 4. 
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d,e,andf). The cation density of the Ca-forms is only half that in the Li-, Na-, K-, and 
Rb-forms, and this clearly results in improved sorptive capacity for oxygen. The 
advantage is seen also in the argon isotherms in the Ca- compared with the Na-chabazites 
(Figs. 5a and 5), and is shown for oxygen as a function of the Al,O, : SiO, ratio in Fig. 6. 


In preparing the above Li, Na, Rb, and Ca ion-exchanged forms we used a standard 
procedure; the parent potassium chabazites were heated with a saturated solution of lithium 
chloride, sodium chloride, rubidium chloride, or calcium nitrate at 200° for4 br, The chabazite 
crystals were then washed with hot water until free from the exchanging salts. 


6. Sorbent Modification by Factors Additional to Exchange.—The isotherm results 
presented in Figs. 4, 5, and 6 establish clearly an influence on the sorption capacity, not 
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only of the isomorphous replacements LiAl = Si, NaAl « Si, KA] = Si, RbAl = 
Si, and (4Ca)Al = Si, but also of the substitutions Li = K, Na = K, K «= Rb for 
crystals of fixed Al,O, : SiO, ratios. Here the cation radius changes but not the cation 
density. 

However, such isomorphous replacements and ion exchanges are not the only factors 
modifying the sorptive powers of the crystals. This is seen in the fluctuations in capacity 
among the different ion-exchanged forms shown in Fig. 4, where the sequence of sorption 
capacities is not always the same for crystals having different Al,O, : SiO, ratios. More- 
over, sometimes two preparations of the same exchanged product gave different sorption 
capacities. This is well seen in Table 4 which gives details of the preparation, ion exchange, 


TaBLe 4. Sorption by a second series of chabazite-like crystals. 


Conditions of 
Sample Gel crystallised crystn, Ion exchange conditions 
7 K,0,Al1,0,,35i10, + 110% molar 150° for 4 days 3 treatments of 12 hr. at 110° 
excess of KOM + aq with Ca(NO,), aq 
2 further treatments, at 200° for 
4 r., with Ca(NO,), aq 
K,0,A1,0,,45i0, +- 140% molar 150° for 2 days 2 treatments of 4 hr, at 200° 
excess of KOH + aq. with Ca(NO,), aq. 
K,0,A1,0,,55i0, 4+ 310% molar 150° for 4 days 2 treatments of 4 hr. at 200° 
excess of KOH + aq with satd. Ca(NO,), 
K,0,A1,0,,58i0, 4+- 150% molar 160° for 2 days treatment of 12 hr. at 110°, 
excess of KOH + aq. followed by 2 treatments of 
4 hr. at 200°, with satd 
( a(NQsy), 
Molar composition of product 
F , : Sorption capacity * (cm.* 
Sample CaO Al,O; SiO", at S.T.P./g. at 30 cm, Hg) 
0-63 . 37 (O,); 30 (A) 
0-04 10 2-50 3-6 86 (O,); 57 (A) 
0-04 10 3-60 f 89 (O,); 72-5 (A) 
0-89 10 3°74 § 110 (O,); 90 (A) 
10 10 3-64 “6! 109 (O,); 91 (A) 


* Outgassing was for 16 hr. at 350° 


TABLE 5. K to Ca exchanges in sample 1 (K,O : Al,O, : SiO, = 0-92: 1: 2-3). 
Product and 
isotherm no.* Mode of exchange ¢ 
! Crystals heated with unsatd. Ca(NO,), soln. for 4 hr, at 200 
‘ Crystals heated with satd, Ca(N¢ ),), soln. for 4 hr. at 200° and extracted hydrothermally 
at 200° 
Crystals heated with unsatd. Cal, soln. for 4 hr, at 200° 
Product no, | further outgassed for 2 days at 350° 
Crystals heated with satd. CaCl, soln, for 4 hr, at 200° and extracted with boiling water 
until free from Cl~ 
Crystals hydrothermally extracted at 200° and then heated with unsatd. Ca(NO,), 
soln, for 4 hr, at 200° 
Crystals heated with satd. solution of Ca(NO,), for 4 hr. at 200° and then hydrothermally 
extracted at 200° 
| Crystals heated with satd, Ca(NO,), soln, for 4 hr, at 200 
9 Crystals heated with satd. Ca(NO,), soln, for $ hr. at 200 


* Hefore use as sorbents, products were outgassed at 350° for ~16 hr., unless otherwise stated. 
t Products were washed with hot water after exchanges, unless given alternative treatments as 
indicated 


composition, and sorption of oxygen and argon at 90° k, of a second group of 
synthetic chabazite-like phases. The product with Al,O, : SiO, = 1-0: 2-50 has developed 
a considerable capacity to occlude both gases, well above that shown for oxygen in 
Figs. 40 or ¢. 

The effect of the method of exchange upon the sorption capacity of the Ca-forms of 
sample 1 was then further studied. The forms were prepared as indicated in Table 5, 
and the isotherms to correspond are shown in Fig. 7. We were not able to develop a high 
capacity for oxygen sorption in any of these preparations, even though the cation density 
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(1-29 Ca** ions per cage) was not excessive. There are, moreover, considerable fluctuations 
among the capacities, which could not be systematised. 

Especially when treated with concentrated salt solutions the crystals tended to occlude 
salts, and such occlusion could impair the sorptive property. It was for this reason that 
hydrothermal extraction was sometimes used for removal of salt. For the aluminous 
crystals of sample 1 the isotherms given in Fig. 7 show that no significant improvement 
resulted, but for siliceous crystals it is seen from Fig. 4/ that hydrothermal extraction of the 
Ca-form considerably increased its sorption capacity. Occlusion of salt probably modifies 
sorption, but it is not considered to be the only factor. 

7. Relation between Chemical Stability and Al,O,: SiO, Ratio.—To obtain further 
information about factors, additional to ion exchange, which can modify the sorptive 
power of chabazites, an examination was made of the chemical stability of chabazites of 


different Al,O, : SiO, ratios. 
4$-0T 


42°0 


Fic. 7. Sorptive capacity of Ca-chab- 
azites all derived by ion exchange from 
the most aluminous K-chabazite of 
Table 1. The numbers on the iso- 
therms correspond to the preparations 
of Table 5. Sorption units are as 
or Fig. 4. 
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Various methods of obtaining the Ca-form from the most aluminous sample 1 were used 
(Table 5; Fig. 7). Even when the nitrate was used, the anion was noticeably occluded at 200°. 
When this occluded salt was removed by hydrothermal! extraction, X-ray powder photographs 
of the product gave evidence of partial breakdown of the crystals, This breakdown was, how- 
ever, not observed when the most siliceous chabazites were extracted. This tendency to 
breakdown of the crystalline structure was also observed when the most aluminous crystals 
were subject to prolonged outgassing at 350°. 

Ammonium chabazites were then prepared by heating portions of the potassium chabazites 
of Table | with ammonium chloride vapour, The ammonium forms were then heated in vacua 
at 250°, to yield the hydrogen zeolites (NH,Z — HZ + NH,). Ammonia was evolved, but 
with the aluminous chabazites the product had a nosean structure whereas the siliceous crystals 
did not recrystallise in this way, and the crystals were moreover good sorbents of oxygen at 
90° x (Fig. 4f). A crystalline product of nosean structure was also obtained when the aluminous 
chabazite was heated with fused silver nitrate at 250°, in an attempt to obtain its silver form. 
It is of interest that according to the Wyart structure of chabazite (Section 1) this zeolite has an 
aluminosilicate framework which is a somewhat distorted nosean framework, so that inter 
conversion may proceed easily. 


When the original potassium forms of the aluminous samples of chabazite were repeatedly 
extracted with water under hydrothermal conditions, the pH of the mother-liquor did not drop 
below 8. This suggests the continued removal of alkali from the crystals, a process corre- 
sponding to their hydrolysis. After outgassing at 250-—350° for ~16 hr., the X-ray powder 
photographs again showed the presence of some amorphous material, There is thus evidence of 
instability of the hydrogen forms of the aluminous chabazites. One reason for this is suggested 


below. 
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It is unlikely that the proton in the hydrogen forms of crystalline chabazite exists within the 
lattice as such. Since in zeolites where AJ,O,: base = 1; 1 every oxygen is shared, hydroxyl 
groups also cannot be formed unless the oxygen becomes tervalent, which again is improbable. 
However, the protons will associate with any intracrystalline water molecules to form H,O* 
ions, After exchange to the hydrogen form the aluminous chabazites, having the higher cation 
content, must contain a greater concentration of H,O* ions than the siliceous chabazites. This 
greater inner acidity could result in a relatively greater tendency to decomposition of the 
aluminous crystals. Moreover, when the crystals are heated in vacuo, water is driven off and as 
soon a8 the H,O: H* ratio drops below unity non-hydrated protons will be released and may 
rupture bonds in the anionic framework. In aluminous crystals, richer in H,O* ions, the ratio 
H,O : H’ drops below unity for a smaller water loss than in the siliceous crystals, which have 
initially the lower H,O* concentration, This factor will then contribute to the more ready 
breakdown on outgassing of aluminous as compared with siliceous chabazites. 


It may be concluded from the results of Sections 4 and 5 that salt occlusion, alkali 
removal and so partial hydrogen-ion exchange, and instability during outgassing are at 
least some of the factors, additional to ion exchange and isomorphous replacements, which 
may modify the sorption capacity of chabazites. 

8. Sorption and Cation Radius and Position.—In Section 4 it was pointed out that 
potassium and rubidium chabazites, however siliceous the crystals, did not occlude 
appreciable amounts of oxygen or argon at —183°, but that siliceous lithium and sodium 
chabazites were good sorbents. The cation density in any one crystal is unaltered by such 
exchanges as K ==™ Na, but the cation radius does change. 

We have to find whether any cation positions will explain the above behaviour. 
Consider a siliceous erystal having base ; Al,O, : SiO, = 1; 1:4, where there are just two 
cations per cage. Each cage can be visualised as a sphere of free internal diameter ~7°3 A. 
In accordance with Kington and Laing’s discussion ® of the chabazite structure proposed 
by Wyart,’ molecule diffusion should occur only along the trigonal axis through the six- 
membered ring “ windows” of ~3-2 A free diameter. Cations could not be situated in 


these windows if diffusion is to occur. They could be in any of the remaining six six- 
membered ring windows of smaller free diameter (~2-3 A), except that larger ions (K, Rb) 


could not lie right in the plane of these rings by reason of their size. However, contrary 
to the sorption results, distributing potassium ions as close to the ring centres as possible 
would still leave room for molecule diffusion in the case of the siliceous potassium chabazites. 
Instead, we will consider a model with the cations inside the cages, perhaps adhering to 
two of the six four-membered rings (Section 1), in positions diametrically opposed and so on 
opposite sides of the trigonal axis. These positions may vary with time, but the diametrical 
opposition of the cation pair is likely on energetic grounds, and also provides the best 
chance for molecule diffusion. For cages of 7°3A free diameter such as are found in 
chabazite, the unobstructed space at the centre of the cage has then the values given in 
Table 6. The limiting factor in the Li- and Na-forms is still the free diameter (3-2 A) of the 


TABLE 6. 


Cationic form Ionic diameter (A) Unobstructed distance (A) 
(73 ~ 2 x 1-56) = 418 
3-50 


largest six-membered rings, so that molecule diffusion could occur readily. For K-, Rb-, 
and Cs-forms, however, the limiting factor is the small interionic spacing (2-0-—0-78 A) and 
diffusion would be inhibited. Thus for siliceous chabazites this ion distribution satisfies 
the sorption results, or alternatively a distribution where Li’ and Na’ lie in some of the 
smaller six-membered rings, but K*, Rb*, and Cs* are arranged as above. 

As the Al,O, ; SiO, ratio changes from 1 ; 4 to the limiting value of 1 : 2, the number of 
univalent cations per cage rises from 2 to 3. With three cations per cage, any clustering of 
cations inside a cage becomes energetically unfavourable, and the cations will tend to move 
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apert and so to enter the planes of six of the eight six-membered rings in each cage. This 
just satisfies the requirement of electrical neutrality, since each cation belongs equally to 
two cages. At least six of eight possible channels to and from each cage are blocked. 
This arrangement is only possible for Lit and Na*; the larger K*, Rb*, and Cs* must for 
steric reasons be displaced to a smaller or greater degree to either side of the planes of 
the rings. 

When 1:2 > Al,O,: SiO, > 1:4, and so the cation density falls, only a diminishing 
number of Li* and Na* in the planes of six-membered rings is possible. This is true also 
of the still smaller number of Ca’* required for electrical neutrality for all Al,O, : SiO, 
ratios. A purely random ion distribution among all eight six-membered rings would still 
make diffusion difficult, if we accept Kington and Laing’s conclusion ® that molecule 
diffusion is only possible along the trigonal axes passing through the two widest six- 
membered rings. This is because any ion sited in the plane of one of these rings would 
block diffusion. Even if ions were freely interchanging their positions at room temper- 
atures, such jumps will inolve an activation energy, and ion mobility would almost 
certainly be frozen out at 90° k. Since however Ca-, Li-, and Na-forms of intermediate 
Al,O, : SiO, ratios have been shown to be sorbents it appears that any statistical distribution 
for small ions would have to be confined primarily to the six smaller six-membered rings 
per cage. Such a distribution ceases to be statistical when the number of cations per cage 
reaches three, which occurs when Al,O, : SiO, = 1 : 2-0. 

The wide range of replacements of the type NaAl == Si found in chabazite suggests a 
statistical distribution of silicon and aluminium in the framework. However, as the ratio 
Al,O, : SiO, tends to 1:2 the random character of substitution should disappear for, 
according to Lowenstein,’ direct Al-O~Al links cannot occur in a framework of tetra- 
hedra. Randomness can arise increasingly for more siliceous chabazites so that, subject 
to the above limitation, the aluminium content of any one cage and the associated cation 
density may vary from cage to cage. in the hydrothermal syntheses the crystals may not 
all have been precipitated at once, and the first crystals formed could have a somewhat 
different Al,O, : SiO, ratio from the last. Thus some crystals, or some parts of one crystal, 
might have sodium-ion densities sufficient to impair the sorption capacity relative to the 
much smaller total-cation density of the calcium form. We have in fact observed that even 
the most siliceous Na-chabazites sorb only about two-thirds as much oxygen or argon as 
their calcium counterparts. 

The purpose of this discussion has been, first, to show from simple considerations that 
cation positions in chabazite should vary according to cation radius and to cation density, 
with combinations of both effects; secondly, to indicate that cation positions are possible 
which explain the results we have obtained, and that statistical fluctuations in Al: Si 
ratios in any one crystal or between successively deposited crystals are possible and must 
be considered in the interpretation of our observations. These remarks refer not to the 
hydrated but to the outgassed crystals. We have made numerous X-ray measurements on 
the ion-exchanged dehydrated crystals of different Al: Si ratios, but have not so far 
succeeded in locating ion-positions in terms of the Wyart structure. This is probably 
because ion positions change with cation size and with changing Al: Si ratios, and because 
at least some of the distributions are statistical in character. 


We are indebted to Dr. D. Sammon for most of the preparations of the sodium-rich chabazites 
of Section 3. One of us (J. W. B.) acknowledges the award of a D.S.1.R, Maintenance Grant. 
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564. The Chemistry of Triterpenes and Related Compounds, 
Part XXVIII.* §-Boswellic Acid. 


By J. L. Beton, T. G. Hatsair, and E. R. H. Jones. 


The varying rotations given in the literature for 6-boswellic acid and its 
derivatives have been shown to be due to the presence of the corresponding 
9(11)-dehydro-compounds as impurity. The configurations of the 3-hydroxyl 
and 4-carboxyl groups have been proved to be « and § respectively, and the 
acid is therefore the ursane analogue of a-boswellic acid. 


@-BOSWELLIC ACID was recently needed as a source of nor-#-boswellenone for use as a model 
compound for the study of certain reactions of lupene-I. Although the acid was thought 
to be the ursane analogue (I) ¢ of a-boswellic acid (8a-hydroxyolean-12-en-24-oic acid) ® (I1) 
no satisfactory proof of the configuration of the hydroxyl and carboxyl groups existed. In 
addition there were serious discrepancies in the literature in the optical rotations quoted 
for 6-boswellic acid and its derivatives.* 

é-Boswellic acid is, as its acetate, one of the principal constituents of frankincense 
(olibanum). It was first obtained in a fairly pure state by Winterstein and Stein ? along with 
the isomeric «-boswellic acid, and was characterised by them as a monohydroxy-acid, 
CyoHyOs. By mild oxidation with chromium trioxide, Simpson and Williams * obtained a 
neutral ketone, nor-$-boswellenone, Cy,H,,O, showing the acid to be a $-hydroxy-acid. 
They also showed that it had an inert double bond. -Boswellic acid was later converted 
into a-amyrin (III), by the Wolff-Kishner reduction of its aldehyde,® leading to its formul- 
ation *” as (IV). 

It was noted by Winterstein and Stein 7 that the rotation of 6-boswellic acid varied from 
one preparation to another and they suggested the presence of an isomer of high dextro- 
rotation to account for this. Simpson and Williams ® also noted the variable rotation of 
6-boswellic acid, and showed that it depended to some extent on the method of preparation 
of the acid. In the method usually employed,’ cold acetic anhydride treatment of the 
barium salt of crude boswellic acid acetate (obtained by precipitation from the ether 
extract of olibanum) affords the mixed anhydride of O-acetylboswellic and acetic acid. 
Decomposition of this anhydride and crystallisation from methanol affords #-boswellic acid 
acetate of low rotation. If, however, the crude barium salt is boiled with acetic anhydride 
a higher yield of 6-boswellic acid acetate is obtained, but the rotation of this material is 
approximately double that of the acid prepared by the first method. 

It has now been shown that the high rotations of some samples of 6-boswellic acid are due 
to the presence, as an impurity, of the corresponding 9 : 11-dehydro-derivative (V) with the 
homoannular diene chromophore. The ultraviolet spectra of samples of $-boswellic acid 
and its derivatives showed some absorption at 2810 A with extinction values such that if 
they were plotted against rotation, a straight line was obtained for any given derivative 
(cf. Table, p. 2908). All dienes of this type in the oleanane and ursane series show 
maximum absorption at 2800—2820 A (e 11,000—12,000) and high dextrorotations." 


* Part XXVIL, J., 1064, 4471. 
+ Ring & of the ursane ring system is not included since no completely convincing evidence is as yet 
available to decide between the various structures which have recently been proposed.’ **%¢ 


* Corey and Ursprung, Chem. and Ind, 1054, 1387. 
Beaton, Spring, Stevenson, and Strachan, /., 1955, 2610. 
Meisels, Kuegg, Jeger, and Ruzicka, Helv, Chim. Acta, 1955, 38, 1298. 
Meakins, Chem. and Ind., 19565, 1353. 
Vogel, Jeger, and Ruzicka, Helv. Chim. Acta, 1961, 34, 2323. 
* See Elsevier's “ Encylopaedia of Organic Chemistry,” 1940, Vol. XIV, pp. 559-561; and 1953, 
Supplement, p. 1087 S. 
' Winterstein and Stein, Z. physiol. Chem., 1932, 208, 9. 
* Simpson and Williams, /,, 1938, 686, 1712. 
* Ruzicka and Wirz, Helv, Chim. Acta, 1039, 22, 948. 
© Jeger, Fortschr, Chem, org. Naturstoffe, 1950, 7, 59. 
" Cf ref. 6, pp. 962 S, and 1071 S. 


(1956|  Triterpenes and Related Compounds. Part XXVIII. 2905 


It has not been possible to separate pure 8-boswellic acid or any pure derivatives from 
the diene contaminant by chromatography or repeated crystallisation. Most of the diene 
impurity was eliminated by treatment of $-boswellic acid with lithium in ammonia in the 
presence of ethanol, a product containing ca. 0-5°, of diene impurity being thus obtained. 
The #-boswellic acid and its derivatives prepared in this manner were used for the experi- 
ments described later in this paper; their rotations were lower than any described in the 
literature. A second reduction lowered the diene content to 0-05%. 

The presence of the diene impurity suggests that the compound of high dextrorotation 
isolated by Trost !* from frankincense and called y-boswellic acid may well be mainly the 
9 : 11-dehydro-derivative of 8-boswellic acid. It also explains the observation by Simpson 
and Williams * that a methyl $-boswellate acetate of low rotation (i.¢., containing little 
diene impurity) could be obtained by hydrogenolysis of the 11-oxo-derivative (V1) which 
had been prepared by chromic acid oxidation of methy] 6-boswellate acetate of high rotation 
(i.¢., of high diene content), Under the conditions of oxidation the diene impurity also 
gives rise to the 11-oxo-derivative (VI). Hydrolysis of the acetate of low rotation prepared 
in this manner gave, however, a sample of methyl 6-boswellate of high dextrorotation, 
suggesting that the initial hydrogenolysis product contained some of the 11-hydroxy- 
derivative (VII), an allylic alcohol. This probably dehydrates to the homoannular diene 
system during the hydrolysis or the subsequent working up of the product. Support for 


R 
(1): R=CO,H (UI): ReMe 


(X):R=CHO (V): R=CO)H 


(XI): R=Me 


”" COR’ * COR’ 
(VI): ReAc, Rim Me (VII): ReAc, R’aMe 
(VII): Re H, Rae (IX):R@H, R’sH 


this suggestion is provided by the observation by Barton and Holness ™ that hydrogenolysis 
of methyl 3f-acetoxy-12-oxo-olean-9(11)-en-28-oate followed by chromatography of the 
product afforded, as well as the desired methyl 3f-acetoxyolean-9(11)-en-28-oate, the 
corresponding diene. This may also have arisen from an allylic alcohol formed as a by- 
product of the hydrogenolysis. Finally the observation by Simpson and Williams ® that 
the rotation of the resulting nor-$-boswellenone was more or less independent of the rotation 
of the $-boswellic acid from which it was prepared is explained since any initial dehydro- 
derivative will be oxidised during the reaction. 


12 Trost, Ann. Chim. appl., 1937, 27, 178. 
1? Barton and Holness, /., 1962, 78. 


2906 Beton, Halsall, and Jones: The Chemistry of 


Since $-boswellic acid obtained from olibanum contains the corresponding 9(11) : 12- 
diene (V) as impurity it was of interest to discover whether the diene occurs as such, or as a 
precursor, in olibanum, 

The barium salt of crude boswellic acid acetate (obtained as above) showed only 
maximum absorption at 2600 A (¢ ca. 2200), indicating the presence of a compound such as 
11-oxo-f-boswellic acid (VIII). No shoulder was evident in the 2700—2900 A region, 
indicating the absence of the homoannular diene (V). After the barium salt had been 
heated in ethanolic hydrochloric acid the ultraviolet spectrum had a shoulder at ca. 2800 A 
(¢ 400) indicative of the presence of about 3% of diene. These results show that the diene 
(V) is not present in olibanum, but that it contains the allylic alcohol (1X) or its acetate 
which is dehydrated under acidic conditions. It is now clear why, in the preparation of 
#-boswellic acid acetate, only a small amount of diene is found if the barium salt is treated 
with cold acetic anhydride whereas with boiling acetic anhydride the product contains 
much diene. So far it has not been possible to isolate the diene-precursor (IX). 

The second problem concerning $-boswellic acid was the configurations of the hydroxyl 
and the carboxyl group. Ruzicka and Wirz “ have shown that Wolff-Kishner reduction 
of the aldehyde (X) obtained from «-boswellic acid (II) of the oleanane group gave mainly 
efi-f-amyrin (olean-12-en-3a-ol) (X1) together with a small amount of $-amyrin. Since 
epi-@-amyrin was the main product, and since $-amyrin was not epimerised under the 
Wolff-Kishner reduction conditions, the Swiss workers concluded that the hydroxyl group 
of a-boswellic acid was in the 3a(epi)-configuration.4® On the other hand reduction of 
6-boswellic acid by a similar route indicated that its hydroxy! group was in the 36-configur- 
ation since a amyrin (urs-12-en-36-ol) was the only product. However, this conclusion is 
open to criticism since epimerisation may have taken place during the reduction. 

The carboxyl group of a-boswellic acid was shown to have the 6-confiuration by Vogel, 
Jeger, and Ruzicka ® by comparison of the molecular rotations of a pair of C,,-epimers 
derived from «-boswellic acid (I1) and hederagenin, with the molecular rotations of a similar 
pair of diterpene epimers of known configuration. Further evidence in favour of the 
carboxy! group's having the 46(axial)-configuration in «-boswellic acid, and also in 
#-boswellic acid may be deduced from the resistance of esters of these acids to hydrolysis.'* 

The evidence so far discussed shows that «-boswellic acid has a 3a-hydroxyl group and 
a 4$-carboxyl group but that in (-boswellic acid, whilst the 4-carboxyl group is still 


"R 


(XH): R= CO,Me (XIV): R= CO,Me 
(XV): R® CH,-OH (XV1)i R= CH, OH 


-orientated, the 3-hydroxyl group also has the 6-configuration. However this conclusion 
is at variance with molecular-rotation evidence, In a triterpene the change in molecular 
rotation on acetylation of a 3a-hydroxyl group is usually large and negative (cf. Klyne and 
Stokes '’). For a 36-hydroxyl group the change is usually small but positive. When pure 
§-boswellic acid is converted into its acetate the AM, value is —175°, indicative of a 3a- 
hydroxy! group. Klyne and Stokes *” have also come to this conclusion. 

Chemical evidence for the 3a-configuration has been obtained from the reduction of 
methyl 6-boswellonate (XII) with sodium borohydride and with lithium aluminium hydride. 

Ruzicka and Wirz, Helv, Chim, Acta, 1940, 23, 132; 1941, 24, 248 

'® Bischof, Jeger, and Ruzicka, ibid., 1949, 82, 1911. 


'* Bilham, Kon, and Ross, /., 1942, 35 
*’ Klyne and Stokes, /., 1954, 1979 
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With the former reagent a hydroxy-ester (XIII) isomeric with methyl $-boswellate (XIV) 
was obtained. The hydroxyl group in (XIII) must be equatorial (38) since, so far as is 
known, borohydride reduction of a keto-group in a six-membered ring always leads to an 
equatorial hydroxyl group and only occurs if the ketone is not sterically hindered."* 
Reduction of the esters (XII) and (XIII) with lithium aluminium hydride afforded the diol 
(XV), which likewise must possess a 36-hydroxyl group. On the other hand, reduction of 
8-boswellic acid with lithium aluminium hydride gave a different diol (XVI), containing the 
original «-hydroxyl group of $-boswellic acid. Support for the structures assigned to 
(XIII), (XIV), (XV), and (XVI) may be adduced from the molecular rotations of the pairs 
of epimeric esters (XIII) and (XIV), and diols (XV) and (XVI), the 38-hydroxy-compounds 
(XIII) and (XV) being more dextrorotatory than the 3a-isomers (XIV) and (XVI) respec- 
tively. Klyne and Stokes 1” have pointed out that triterpenoid 36-hydroxyl groups make a 
positive contribution to the rotation of the molecule where 3a-hydroxyl groups make a 
negative contribution. 

Chemical evidence has also been obtained which confirms the $-configuration of the 
4-carboxy! group of §-boswellic acid. Treatment of the diol (XV) with acetone containing 
1%, of sulphuric acid afforded a cyclic isopropylidene derivative (XVII) in ca. 50% yield. 
On hydrolysis of this with acid in the presence of 2 ; 4-dinitrophenylhydrazine sulphate, 
the diol (XV) was recovered along with acetone 2 ; 4-dinitrophenylhydrazone. By contrast 
similar treatment of the diol (XVI) resulted in the recovery of starting material unchanged. 
Of the four possible diols of this type, (XV), (XVI), (XVIII), and (XIX), all would be 
expected to form condensation products except (X V1) where the two axial groups (hydroxyl 
and hydroxymethyl) are not suitably disposed. No diol of type (XIX) ic known, but a diol 
of type (XVIII), #.e., hederagenin (XX), forms a condensation product.” 


A HO" OMA 
HO-H,C Me HO-H,C Me 


(XVII) (XVIIE) (XIX) (XX) 


Barton and Jones,*4 writing long before anything was known about the stereochemistry 
of ring A of the boswellic acids, suggested that hydrogen bonding took place between the 
hydroxyl and carboxyl groups of the boswellic acids and that such hydrogen bonding might 
be responsible for the (then) apparently anomalous molecular-rotation differences found 
with these acids and their derivatives. It is now clear that the 3a- and 46-substituents, 
being both axial and antiparallel, could not take part in hydrogen bonding and that it is the 
3a-configuration of the hydroxyl groups which is responsible for the anomalous rotation 
differences found with these acids, as compared with the differences observed with other 
triterpenes of the a- and the 6-amyrin group. 


EXPERIMENTAL 


Rotations were determined in CHCl, at room temperature unless otherwise stated. M. p.s 
were determined on a Kofler block. The alumina used for chromatography, unless otherwise 
stated, had an activity of I—II. Light petroleum refers to the fraction with b. p, 40-—60°, 
Ultraviolet spectra were determined in EtOH. 


1* Halsall, Hodges, and Jones, J., 1953, 3019. 

'* Bowers, Halsall, Jones, and Lemin, /., 1953, 2548 
*” Jacobs, J. Biol. Chem., 1925, 68, 631. 

*! Barton and Jones, J/., 1944, 659. 
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Isolation of @-Boswellic Acid (essentially the method of Winterstein and Stein ’),—Olibanum 
(1 kg.) was divided into two portions and each was shaken with ether (1 1.) for 14 hr. After 
filtration the ethereal extract was again divided into two portions and each was treated with 
barium hydroxide (30 g.) suspended in a saturated solution of barium hydroxide (750c.c.). The 
barium salt of the crude boswellic acid acetate was immediately precipitated, filtered off, washed 
with ether, and dried to a pale yellow solid (330 g.), The barium salt was then boiled for 4 hr. 
with acetic anhydride (500 g.) containing a small amount of pyridine. On cooling, the mixed 
anhydride of crude boswellic acid acetate and acetic acid crystallised and was separated. The 
mixed anhydride was dissolved in chloroform and heated under reflux with methanol for 1 hr. 
The product, crystallised from chloroform—methanol, gave crude §-boswellic acid acetate as 
rhombs (53 g.), m. p. 262—-269°. Further crystallisation from chloroform—methanol afforded a 
mixture of 6-boswellic acid acetate (3a-acetoxyurs-12-en-24-oic acid) and ca. 30% of 3a-acet- 
oxyursa-9(11) ; 12-dien-24-0ic acid. This mixture had m. p, 273-—276°, [a], + 149° (c, 2-1), 
and an absorption max, at 2810 A (e 3420). From different preparations of $-boswellic acid 
acetate samples containing varying quantities of the diene as impurity were obtained. 
Samples of methyl (%-boswellate acetate, contaminated with the corresponding dehydro- 
compound, were obtained by methylation of ethereal solutions of free acid with diazo- 
methane. ‘The constants of a number of diene-containing samples of §-boswellic acid acetate 
and of the methyl! ester are given in the annexed Tables. 


Constants of mixtures of @-boswellic acid acetate with the corresponding 9(11) : 12-diene. 


+-70°5° + 101° +-132° + 149° 
375 1330 2700 3420 
11-9 24 


Diene (‘ 


onndunaaet , 3:3 30-5 
wo. « , : 270-——274° 270—-274° 285—289° 273-—276° 


Constants of mixtures of methyl (-boswellate acetate with the corresponding 9(11) : 12-diene. 


falp “5° + 81° +- 102° + 105° + 107-5 +112 
eat 2810 A 706 1760 1915 2000 2180 
Diene (%,) ... ’ af 6 16 17 18 19 
M. p 191--193° 190--193° 191 3° 184—185° 186--189° 186—187° 183—185° 


Treatment of a Mixture of @-Boswellic Acid Acetate and the Corresponding 9(11) : 12-Diene with 
Lithium in Liquid Ammonia in the Presence of Ethanol.—The mixture (¢ 3420 at 2810 A, corre- 
sponding to 30%, diene content) (500 mg.) in ether (25 c.c.), dioxan (25 c.c.), and ammonia 
(ca, 60 c.c.) was treated with lithium (3 g.). After the mixture had been stirred for 1 hr., all the 
lithium had dissolved; ethanol was added dropwise until the solution became colourless, The 
solution was then added to water with caution, acidified with hydrochloric acid, and extracted 
with ether, The product (450 mg.) was reacetylated with acetic anhydride~pyridine to give 
f-boswellic acid acetate (3a-acetoxyurs-12-en-24-oic acid), m. p. 275—278° (from methanol), 
(a}p + 63° (c, 1-88), © = ca, 60 at 2810 A (0-5% diene). After a second reduction with lithium and 
ammonia as above the product showed slight light absorption at 2810 A (e 5—10) indicating 
that the last traces of diene are not easily removed. Except where otherwise stated 6-boswellic 
acid acetate obtained after a single reduction with lithium and ammonia was used for the 
experiments described below, 

Hydrolysis of §-boswellic acid acetate with 10% methanolic potassium hydroxide afforded 
f-boswellic acid (3a-hydroxyurs-12-en-24-oic acid) as rhombs, m, p, 212-215", resolidifying as 
prisms, m, p, 228——232°, [a], +-107° (c, 0-75). Methylation of $-boswellic acid acetate with 
ethereal diazomethane gave methyl 6-boswellate acetate (methyl 3a-acetoxyurs-12-en-24-oate) 
as prisms (from methanol), m. p. 191-—193°, [a], + 62° (c, 0-88) (Found: C, 77-4; H, 10-15. 
Calc. for Cy,HyO,: C, 77-3; H, 102%). Hydrolysis of methyl 6-boswellate acetate with 10%, 
methanolic potassium hydroxide afforded methyl 6-boswellate (methyl 3a-hydroxyurs-12-en- 
24-oate) as prisms (from aqueous methanol), m. p, 195-—196°, {a}, +-111° (c, 1-6). Oxidation of 
methy! (@-boswellate in acetone with chromic acid (2 mols.) in sulphuric acid gave methyl 
f-boswellonate (methyl 3-oxours-12-en-24-oate) as needles (from methanol), m. p. 160-—-162°, 
[a}py + 102° (c, 0-62). 

Reduction of B-Boswellic Acid with Lithium Aluminium Hydride.—-$-Boswellic acid (125 mg.) 
in ether (50 c.c.) was treated with lithium aluminium hydride (50 mg.) at 20° overnight. After 
decomposition of the reagent with water, ethereal extraction afforded a product (110 mg.) which 
gave urs-12-ene-3a : 24-diol (XVI) as leaflets (from aqueous methanol), m. p. 183—185°, [a], 
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+ 73° (c, 1-9). It was not possible to obtain satisfactory analytical figures for this compound 
and it was hence characterised as the diacetate. Acetylation with acetic anhydride in pyridine 
at 100° for 3 hr. gave the diacetate as plates (from aqueous methanol), m. p. 161-163", [a}p) + 34° 
(c, 0-5) (Found: C, 77-4; H, 10-4. C,,H,,O, requires C, 77:5; EH, 10-3%). 

Reduction of Methyl 6-Boswellonate (Methyl 3-Oxours-12-en-24-oate) with Lithium Aluminium 
Hydride,—Methy] $-boswellonate (200 mg.) in ether (50 c.c.) was treated with lithium aluminium 
hydride (100 mg.) at 20° overnight. After decomposition of the reagent with water, ether 
extraction afforded a product (290 mg.) which gave urs-12-ene-38 : 24-diol (XV) as plates (from 
methanol), m. p. 224--226°, {a}, + 85° (c, 1:2) (Found; C, 81-35; H, 11-15, Cy ,H,,O, requires 
C, 81-4; H, 114%). The diol was also obtained (together with 24-norurs-12-en-3-one, m. p. 
190-——192°) on treatment of methyl 6-boswellonate with lithium in ammonia in the presence of 
ethanol. It crystallised from methanol as plates, m. p, 224-—-226°, undepressed on admixture 
with the lithium aluminium hydride reduction product, [a),, +-88-5° (c, 1-72). 

Reduction of Methyl 6-Boswellonate with Sodium Borohydride..-Methy| 6-boswellonate (300 
mg.) in dioxan (50 c.c.) was treated with a solution of sodium borohydride (200 mg.) in water 
(10 c.c.) at 20° overnight. After addition of water, isolation with ether yielded a product 
(300 mg.) which gave methyl 36-hydroxyurs-12-en-24-oale (XIII) as needles (from aqueous 
methanol), m. p. 155—157°, [a}p) + 122° (c, 0-75), [a], -+ 124° (c, 0-82) in acetone, [a], + 121° 
(c, 0-78) in dioxan (Found: C, 78-85; H, 10-5. C,,H,,O, requires C, 70-1; H, 10-7%). Acetyl- 
ation of the product gave methyl 36-acetoxyurs-12-en-24-oale as crystals (from chloroform 
methanol), m. p. 182-—-185°, [a], + 104° (c, 0-37) (Found; C, 76-85; H, 10-2, Cy sH,,O, requires 
C, 77-3; H, 10-2%). 

Reduction of Methyl 38-Hydroxyurs-12-en-24-oale (X111) with Lithium Aluminium Hydride. 
Methyl! 36-hydroxyurs-12-en-24-oate (XIII) (50 mg.) in ether (50 c.c.) was treated with lithium 
aluminium hydride (100 mg.) at 20° overnight. The product (50 mg.) was worked up in the 
usual manner to give urs-12-ene-38 : 24-diol (XV) as plates (from methanol), m. p. and mixed 
m. p. 223-—-225°, [a], + 84° (c, 0-25). 

Treatment of Urs-12-ene-38 : 24-diol (XV) with 1% Sulphuric Acid in Acetone,---(a) Urs-12- 
ene-36 : 24-diol (XV) (300 mg.) in dry acetone (100 c.c.) containing sulphuric acid (1 ¢.c.) was 
kept at 20° overnight. After addition of sodium carbonate, the solution was poured into sodium 
carbonate solution. Ether-extraction yielded a product which was adsorbed from benzene on 
alumina (50 g.). Elution with benzene (200 c.c.) afforded a product (130 mg.) which gave the 
36 : 24-isopropylidenedioxyurs-12-ene as leaflets (from methanol), m. p 160--162°, [a|, + 87° 
(c, 0-9) (Found: C, 81-95; H, 11-2. C,ysH,,O, requires C, 82-1; H, 11-25%). 

(b) Urs-12-ene-38 : 24-diol (300 mg.) was treated with 1%, sulphuric acid in acetone as above 
and the product and sulphuric acid were then adsorbed from the mixture on alumina (100 g,). 
Elution with benzene (200 c.c.) afforded a product (150 mg.) which gave the isopropylidene 
derivative as leaflets (from aqueous methanol), m. p. 161--163°, [a], 487° (c, 0-78). Further 
elution afforded unchanged diol (150 mg.) as plates (from methanol), m. p. 222—225° undepressed 
on admixture with the starting material, [a], + 120-5° (c, 0-46). 

When urs-12-ene-3a : 24-diol (XVI) was treated with 1% sulphuric acid in acetone, and the 
product isolated as above {methods (a) and (b)}, only unchanged starting material was obtained. 

Hydrolysis of 38 : 24-isoPropylidenedioxyurs-12-ene.This derivative (40 mg.) in methanol 
(25 c.c.), distilled from Brady’s reagent, was heated under reflux with 2: 4-dinitrophenyl- 
hydrazine (50 mg.) and sulphuric acid (0-5 c.c.) for 6 min. and then kept for Lhr. After dilution 
with water, extraction with benzene yielded a product which was adsorbed from benzene on 
alumina (50 g.). Elution with benzene-ether (19:1; 1 1.) afforded crystals (16 mg.; theor., 
19 mg.) which gave acetone 2: 4-dinitrophenylhydrazone as needles (from aqueous methanol), 
m. p. and mixed m. p. 120-——127°. 


One of the authors (J. L. B.) thanks the Department of Scientific and Industrial Research for 
a maintenance grant. Thanks are also offered to Mr. E. S. Morton and Mr. H. Swift for the 
microanalyses. 
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565. Decarboxylative Acylations with «-Phenylglycine. 
By ALEXANDER LAwson. 


5-Benzoyloxy-2 : 4-diphenyloxazole (II; R =< R’ = Ph), formed as a by- 
product in the benzoylation of a-phenylglycine in aqueous solution, is readily 
formed by the action of benzoyl chloride on 2: 4-diphenyloxazol-5-one (I; 
Kt = Ph) in pyridine. When benzoic, nicotinic, or isonicotinic anhydride reacts 
in picoline with 2; 4-diphenyloxazolone the main product is the corresponding 
oxazole (III), With N-acetyl-a-phenylglycine the acetamido-ketones pre- 
dominate, but with nicotinic or isonicotinic anhydride as acylating agent 
subsequent hydrolysis causes deamination and the a-hydroxybenzy! pyridyl 
ketones (V) are formed, 


a-PHENYLGLYCINE has been used in the study of base-catalysed decarboxylative acylation 
by Rondestvedt, Manning, and Tabibian + who showed that three mols. of acetic anhydride 
were required for complete reaction, Searles and Cvejanovich* determined the rate 
constants for a number of pyridine-catalysed decarboxylative acylations, using among other 
substances N-acetyl- and N-benzoyl-a-phenylglycine with acetic anhydride. Both sets of 
workers described the isolation of the a-acylamino-a-phenylacetones. 

King and Macmillan * showed that «-phenylglycine has a sufficiently active a-hydrogen 
atom not to need a basic catalyst for decarboxylative acetylation. They isolated 
a-acetamido-a-phenylacetone together with 2 ; 56-dimethyl-4-phenyloxazole. 

Decarboxylative acylation of amino-acids has been carried out with aromatic acid 
anhydrides,*° and, though the reaction proceeds less readily than with a reagent such as 
acetic anhydride, it is possible by starting with the corresponding 2-phenyloxazolone to 
reduce the requirement of excess of the anhydride and to obtain products which are less 
readily accessible by other routes. This is the case with «-phenylglycine. 


i 
HN— — oO 
i 3 fis 
Ac 


(v1)? 


N CHC, HyCOPh tes —CHPh HO-CHPh 
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When Minovici and Thiiringer * prepared N-benzoyl-«-phenylglycine they obtained 
also small quantities of a neutral product, m. p. 123°, CygH,,O,N or Cy,H,,O,N. The 
substance gave what were believed to be a hydrazone and a phenylhydrazone, indicating 
the presence of a keto-group, and on the basis of the Cy, formula the structure 4-p-benzoyl- 
pheny]-2-phenyloxazol-5-one (VII) was assigned to it. In this work small yields (4%) of 
the same material were obtained by the method described by Minovici et al. but, by action 
of benzoyl chloride at 0° on a-phenylglycine or on 2 ; 4-diphenyloxazol-5-one in pyridine, 
the substance is also formed (in 80-—90% yield in the latter case). Hydrolysis with 
20°, hydrochloric acid gives benzoic acid (two equivalents) and a-phenylglycine; with 
ethanolic sodium hydroxide at room temperature N-benzoyl-«-phenylglycine and benzoic 
acid are obtained. Phenylhydrazine and aniline give «-benzamido-a-N’-diphenylacet- 
hydrazide and a-benzamido-a-phenylacetanilide respectively. These results leave no 

' Rondestvedt, Manning, and Tabibian, /. Amer. Chem. Soc., 1950, 72, 3183. 

* Searles and Cvejanovich, sbid., p, 3200. 

* King and Macmillan, ibid., 1955, 77, 2814 
* Cleland and Niemann, ibid., 1949, 71, 841. 

” 


Lawson, /., 1954, 3363. 
Minovici and Thiringer, Bul. Chim. Soc. Romdnia, 1920, 2, 13. 
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doubt that the substance obtained by Minovici e¢ al. is 5-benzoyloxy-2 : 4-diphenyloxazole 
(Il; R = R’ = Ph) and that it is formed by the benzoylation of the enolised oxazolone. 
Whilst side-chain acyl derivatives of hydroxyalkylideneoxazolones are known, such direct 
acylation of the enolised oxazolone carbonyl group appears to be unique. Even in the 
most favourable cases the action of an acyl chloride on an amino-acid in the presence of a 
basic catalyst results in a poor yield of the corresponding acylamino-ketone.* Analogous 
acyl derivatives of enolised thiazolones are, however, readily formed.’ 

The anomalous behaviour of 2: 4-diphenyloxazolone can no doubt be attributed to 
activation of the 4-hydrogen atom by the oxazolone ring and the phenyl group. Steric 
effects causing inhibition of hydrolysis in this case may also be involved since the corre- 
sponding acetoxyoxazole and analogous benzoy! derivatives from N-acetyl-«-phenylglycine 
and 4-ethoxycarbonyl-2-phenyloxazol-5-one (prepared from ethyl benzamidomalonate), 
though possibly formed, could not be isolated. 

The possibility that such 5-acyloxyoxazoles might be unstable intermediates in the 
decarboxylative acylation of amino-acids was not supported by the behaviour of 5- 
benzoyloxy-2 : 4-diphenyloxazole in hot pyridine: carbon dioxide was evolved, but no 
oxazole or acylamino-ketone could be isolated. 

Although 2-methyl-4-phenyloxazol-5-one (I; R = Me) has not been deseribed it is no 
doubt formed when N-acetyl-a-phenylglycine is dissolved in warm acetic anhydride, 
since the yellow residue obtained on evaporation reacts with aniline to give a-acetamido-«- 
phenylacetanilide. When this yellow residue is boiled in picoline it is converted into a 
colourless neutral substance, C,5H,,0,N,, m. p. 230°. This is probably 3-acetamido-1- 
acety!l-2 : 4-dioxo-3 ; 5-diphenylpyrrolidine (VI), the analogue of 3-benzamido-1-benzoyl- 
2 : 4-dioxopyrrolidine (Rugheimer’s compound) prepared from 2-phenyloxazolone by a 
similar method.® 

When 2 : 4-diphenyloxazolone (I; R = Ph) is heated in picoline with benzoic anhydride, 
carbon dioxide is freely evolved and 2: 4: 5-triphenyloxazole (IIL; R = R’ == Ph) and 
benzoyldesylamine are isolated in about 50°, and 10%, yield respectively. On the other 
hand, N-acetyl-a-phenylglycine and benzoic anhydride give an oil from which benzoyldesyl- 
amine dinitrophenylhydrazone is obtained in small yield and which after hydrolytic treat- 
ment gives 2; 4: 5-triphenyloxazole (11% yield) and desylamine hydrochloride (IV; R’ 
Ph) (33%, yield). It is apparent that N-acetyl-a-phenylglycine readily exchanges its acyl 
group. 

Similar results are obtained with nicotinic and isonicotinic anhydride. From N- 
benzoyl-a-phenylglycine the pyridyl-substituted oxazoles (III; R = Ph, R’ = C,H,N) 
are the main products. From N-acetyl-a-phenylglycine, however, the initial products, 
which did not crystallise, gave after hydrolysis a-hydroxybenzy! pyridyl ketones (V; R = 
C,H,N) corresponding to the removal of the acetyl group from, and deamination of, the 
corresponding acylamino-ketones. 

The difference in the behaviour of the two acylamino-acids may be attributed to the 
more favourable conditions for ring formation resulting from the presence of the phenyl 
substituent, an effect which is responsible for the difference in the stability of oxazolone 
rings derived from acetamido- and benzamido-acids respectively. 


EXPERIMENTAL 

5-Benzoyloxy-2 : 4-diphenyloxazole (11; R = R’ Ph).— This substance was obtained in 4% 
yield by the action of benzoyl chloride on a-phenylglycine in presence of excess of sodium 
hydrogen carbonate as described by Minovici ef al. Alternatively N-benzoyl-a-phenylglycine 
(2 g.) was dissolved in acetic anhydride (10 ml.) on the steam-bath, the solution evaporated 
to dryness under reduced pressure, and again after the addition of xylene to remove the acetic 
anhydride, the residue of 2: 4-diphenyloxazolone dissolved in dry pyridine (4 ml.) and cooled 
in ice, and benzoyl chloride (1-2 ml.) added slowly with stirring. Water and crushed ice were 
added and the precipitated oxazole was filtered off, and washed with dilute hydrochloric acid, 
aqueous sodium hydrogen carbonate, and water. Recrystallisation from ethyl acetate gave 


? Jepson, Lawson, and Lawton, J., 1955, 1791 
* Bullerwell and Lawson, /., 1952, 1350 


2912 Lawson: Decarboxylative Acylations with «-Phenylglycine. 


prisms, m. p. 128° (Minovici et al. gave 123°) (80-—90% yield) (Found: C, 77-5; H, 4-8; N, 4-3, 
CyH,,O,N requires C, 77-4; H, 44; N, 43%). The oxazole (1-4 g.) was boiled with 20% 
hydrochloric acid (30 ml.) for 2hr. On cooling, benzoic acid (0-96 g., 1-9 equivs.) was filtered off 
and concentration of the filtrate, followed by neutralisation with sodium carbonate, gave 
a-phenylglycine (0-45 g.). Hydrolysis of the oxazole with 0-5n-ethanolic sodium hydroxide at 
room temperature followed by acidification gave benzoic acid and N-benzoyl-a-phenylglycine, 
separated by fractional crystallisation from aqueous ethanol, The oxazole, warmed in aqueous 
acetic acid with phenylhydrazine, gave benzoic acid and «-benzamido-a-N’-diphenylacet- 
hydrazide (also prepared directly from 2: 4-diphenyloxazolone), m. p, 191° (needles from 
aqueous acetic acid), The oxazole also gave a-benzamido-a-phenylacetanilide, needles, m. p. 
210° (from ethanol), when warmed with an excess of aniline. 

3-Acetamido-1-acetyl-2 ; 4-dioxo-3 : 6-diphenylpyrrolidine,-N-Acetyl-a-phenylglycine (1 g.) 
was dissolved in warm acetic anhydride (10 ml.) and the solution evaporated to dryness under 
reduced pressure, traces of acetic anhydride being removed by repeated distillation with xylene. 
The yellow residue of oxazolone gave, on treatment with aniline, «-acetamido-a-phenylacetanilide 
(from ethanol), m. p, 218° (Found; C, 71-1; H, 6-0. C,,H,,O,N, requires C, 71-6; H, 6-0%). 
The oxazolone was boiled in 2-picoline (5 ml.) for 30 min. under reflux; on removal of the 
picoline by steam-distillation (benzaldehyde was identified in the distillate), the insoluble 
material was extracted with benzene which was shaken with aqueous sodium hydrogen 
carbonate and then with dilute hydrochloric acid, The residue left on evaporation of the 
benzene was crystallised from ethanol, to give 3-acetamido-l-acetyl-2 : 4-dioxo-3 : 5-diphenyl- 
pyrrolidine (20%,), prisms, m, p. 230° (Found ; C, 68-3; H, 5-3; N,7-8%; M, 334. Cy .H,,0O,N, 
requires C, 686; H, 5-1; N, 80%; M, 350), Heating this product in aqueous ethanol at pH 8 
or with ethanolic 2n-hydrochloric acid caused hydrolysis to 3-acetamido-2 : 4-dioxo-3 : 5-di- 
phenylpyrvolidine, m, p, 249°, plates from aqueous ethanol (Found: C, 69-8; H, 5-2; N, 8-9. 
Cy gH gO N, requires C, 70-1; H, 5-2; N, 91%). 

2:4: 5-Triphenyloxazole.—2 : 4-Diphenyloxazolone (2-3 g.) and benzoic anhydride (6 g.) 
were heated in dry 2-picoline (20 ml.) at 136—140° for 2 hr.; evolution of carbon dioxide had 
then ceased. The picoline was removed under reduced pressure and the residue refluxed with 
dry methanol and again distilled. The residue, dissolved in chloroform, was shaken with 
aqueous sodium hydrogen carbonate, and after evaporation under reduced pressure the residual 
oil was crystallised from ethanol, to give the oxazole (1-4 g.), m. p. 114°. Addition of a little 
water to the mother-liquor gave 0-3 g. of impure benzoyldesylamine, purified by recrystallisation 
(m, p. 137-139"), 

Desylamine.—N-Acetyl-a-phenylglycine (2 g.) and benzoic anhydride (10 g.) in 2-picoline 
(20 ml.) were treated as above. The oil obtained on removal of the chloroform did not 
crystallise, but afforded benzoyldesylamine 2: 4-dinitrophenylhydrazone, m. p. 196° (from 
ethanol-toluene) (Found: C, 65-7; H, 44. C,,H,,O,N, requires C, 65-5; H, 42%). The oil, 
on treatment with boiling concentrated hydrochloric acid for 2 hr., partially dissolved and the 
insoluble portion on recrystallisation from ethanol gave 2: 4: 5-triphenyloxazole (0-3 g.); the 
acid solution was evaporated under reduced pressure and the residue, recrystallised from aqueovs 
ethanol, consisted of desylamine hydrochloride (0-8 g.), m. p. 233° (decomp.) (Found: C, 67-5; 
H, 5-8. Cale. for C\gH,ON,HCI1: C, 67-8; H, 5:7%); the picrate had m. p. 175° (Found: C, 
64-6; H, 37. Cale, for C,JH,,O,N,: C, 54-5; H, 36%). 

Action of Pyridinecarboxylic Anhydrides on 2 : 4-Diphenyloxazolone.—2 : 4-Diphenyloxazolone 
(1-85 g.) was heated at 135—-140° with nicotinic anhydride (6-0 g.) in 2-picoline (10 ml.) for 1 hr. 
Che picoline was removed by steam-distillation, the solution made alkaline with sodium hydrogen 
carbonate, and the insoluble gum dissolved in benzene. The benzene was extracted with dilute 
hydrochloric acid which was in turn extracted with chloroform, The chloroform on evaporation 
left 2: 4-diphenyl-5-3’-pyridyloxazole hydrochloride which crystallised from aqueous ethanol as 
pale yellow needles, m, p. 219° (0-9 g.) (Found: C, 68-6; H, 48; N, 7-9. CygH,ON,,HCI,H,O 
requires C, 68-2; H, 4:8; N,7-9%). The free base obtained by treatment with sodium hydrogen 
carbonate crystallised from ethanol in colourless needles, m. p. 120° (Found: C, 80-7; H, 4-7; 
N, 02. C,H,ON, requires C, 80-6; H, 47; N, 94%). In a similar manner isonicotinic 
anhydride * and 2: 4-diphenyloxazolone gave 2: 4-diphenyl-5-4’-pyridyloxazole hydrochloride 
(34%), m. p, 222° (from aqueous ethanol) (Found: C, 68-2; H, 48. C,oH,,ON,,HCl,H,O 
requires C, 68-2; H, 48%). The free base, needles, had m. p. 126° (from ethanol) (Found: C, 
80-8; H, 45%). 


* Schrecker and Maury, J. Amer. Chem. Soc., 1954, 76, 5803 
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Action of Pyridinecarboxylic Anhydrides on N-Acetyl-a-phenylglycine.—N-Acetyl-a-phenyl- 
glycine (2 g.) was heated in 2-picoline (10 ml.) with nicotinic anhydride (8 g.) at 135-——140° for 
45 min. After removal of the picoline in steam and the nicotinic acid in aqueous sodium 
hydrogen carbonate, a benzene solution of the residue was extracted with dilute hydrochloric 
acid, The residue left after evaporation of the benzene gave 3-acetamido-1-acetyl-2 : 4-dioxo- 
3: 5-diphenylpyrrolidine (above) (0-15 g.). The dilute hydrochloric acid solution was boiled 
for 1 hr. and made alkaline with sodium carbonate. The precipitated base was extracted with 
ether from which, after drying, a-hydroxybenzyl 3-pyridyl hetone hydrochloride (as V ; R’ == CgH,N) 
was precipitated with anhydrous hydrogen chloride. Crystallisation from ethanol gave colour- 
less needles (0-4 g.), m. p. 165° (Found: C, 62-0; H, 4-7; N, 53. C,,H,,O,N,HCI requires C, 
62:2; H, 48; N, 56%). The free base, liberated by sodium hydrogen carbonate, formed 
prisms (from ethanol), m. p. 86° (Found : C, 73-2; H, 5-1; N, 68. Cy ,H,,O,N requires C, 73-2; 
H, 5-2; N, 66%). In a similar way isonicotinic anhydride gave a-hydroxybenzyl 4-pyridyl 
ketone (V; R’ = C,H,N) (20%), prisms (from ethanol), m. p. 147° (Found: C, 72-6; H, 5-2; N, 
6-7%). The phenylhydrazone, yellow prisms (from ethanol), had m, p. 233° (Found; C, 75-0; 
H, 5-4. Cy,H,,ON, requires C, 75-2; H, 56%). 


I thank Mr. J, O. Stevens for technical assistance. 


RovaL Free Hospitat SCHOOL OF MEDICINE, 
8 HuNTER Street, Lonpon, W.C.1. (Received, February Tth, 1966.) 


566. Raman Spectra and Constitution of Solid Hydrates. 
Hydroxonium Perchlorate, Nitrate, Hydrogen Sulphate, and Sulphate. 


By D. J. MiLven and E. G. VAAL. 


The Raman spectra of the monohydrates of perchloric, sulphuric, and 
nitric acids, and of the dihydrate of sulphuric acid have been examined, 
They are consistent with the ionic structures corresponding to the 
hydroxonium salts (H,O*)(ClO,~), (H,O*)(HSO,~), (HsO"')(NO,~), and 
(H,O0*),(SO#>), respectively. 


Tue Raman spectrum of perchloric acid monohydrate! shows it to have the ionic 
constitution (H,0*)(CIO,-). The present paper gives details of the investigation of this 
and other acid hydrates. The Raman spectrum of perchloric acid monohydrate at room 
temperature is difficult to record,! probably because of the unusual breadth of the lines, 
but this difficulty has been reduced by using a specially designed cell, with high intensity 
Ulumination, which allows spectra to be observed at liquid-air temperature. 


Raman frequencies at —185°. 
(Frequency separations in cm.~! from Hg 4358 A.) 
HClO, (anhyd.) clo,- HC1O,,H,0 HCIO, (anhyd.) CIO, HClO, H,O 
425 (w) — 938 (vs) 926 (s) 
461 (mw) 1032 (vs) 1030 (vw) 
572 (m) — 1073 (maw) =1065 (vw band) 
585 (mw) 1121 (mw) - 
628 (m) 620 (mw) 1182-1312 (w) 
738 (m) 2 
Intensities are indicated as vs = very strong, 6 = strong, ms = moderately strong, m « medium, 
mw = moderately weak, w = weak, vw = very weak, 


Perchloric Acid Monohydrate.—In the Table the Raman frequencies of perchloric 
monohydrate at —185° are compared with those of anhydrous perchloric acid * and those 
of the perchlorate ion as observed ® for solid potassium perchlorate, 

The spectrum of the hydrate contains lines corresponding to the two strongest 

1 Millen, /., 1950, 2607. 


* Redlich, Holt, and Bigeleisen, J. Amer. Chem. Soc., 1944, 66, 13 
* Millen, /., 1960, 2611, 
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perchlorate ion fundamentals at 630 and 930 cm.~!, and also an indication of the weak 
Fermi doublet at about 1065 cm.-!. A few plates also recorded a very weak, broad line at 
about 1030 cm.'. This corresponds to the strongest fundamental of the perchloric acid 
molecule, possibly present owing to imperfect crystallisation. Whatever the origin of the 
weak line at 1030 cm."}, it can safely be concluded that the hydrate is ionic, being composed 
of perchlorate ions and, presumably, hydroxonium ions, The absence of the fourth 
fundamental of the perchlorate ion, at about 460 cm."!, can be attributed to the difficulty 
of detecting weak lines of low frequency displacement in the Raman spectrum of a powdered 
crystal. This interpretation of the spectrum is confirmed by conclusions reached from 
proton-resonance ** and from infrared ® studies. 

In several attempts to obtain the spectrum of the hydrate at room temperature, the 
ame optical arrangement was used as for the work at low temperature. Even with very 
long exposures only one line was detected. This corresponds to the strongest perchlorate 
ion fundamental at about 930 cm.-!. It appears probable that the difficulty of photo- 
graphically recording the spectrum under these conditions is due, not to low intensity of 
the spectrum, but to a broadening of the lines. Possible causes of the broadening are 
excitation of lattice vibrations and reorientation of neighbouring hydroxonium ions, a 
process which has been suggested *° to account for the proton-resonance spectrum of the 
hydrate at room temperature. 

Nitric Acid Monohydrate.-The Raman spectrum of the crystalline hydrate at —185° 
has a strong, sharp line at 1052 cm. which corresponds to the well-known breathing 
frequency of the nitrate ion; there was no sign of even the most strongly allowed frequency 
of molecular nitric acid. This is consistent with the ionic constitution (H,O*)(NO,~) 
suggested from proton magnetic resonance studies © and spectroscopy,* 7 but contrary to 
the conclusion reached from an X-ray investigation.* The experimental errors quoted in 
the last work do not, however, exclude a structure in which nitrate and hydroxonium ions 
are hydrogen bonded in layers. In such a structure the two potential minima available 
to the proton between two oxygen atoms will be non-equivalent, and, consistently with this, 
Forsythe and Giauque * have found that the entropy of the hydrate approaches zero towards 
the absolute zero. 

Sulphuric Acid Mono- and Di-hydrate.—In the Raman spectrum of the monohydrate 
at — 185° a strong, sharp line was observed at 1028 cm."!. There was no indication of even 
the strongest Raman-active frequency of molecular sulphuric acid. The most charac- 
teristic frequency of the hydrogen sulphate ion is known from the study '° of aqueous 
sulphuric acid to occur at about 1030 cm.~!. It is concluded that the crystalline mono- 
hydrate has the ionic constitution (H,O*)(HSO,~) in agreement with conclusions reached 
from nuclear magnetic resonance.® 

The Raman spectrum of sulphuric acid dihydrate at —185° has a line at 986 cm.~}. 
his corresponds to the most intense line of the sulphate ion. There are no indications 
of lines corresponding to frequencies of molecular acid or hydrogen sulphate ion. This 
clearly indicates that the solid has the ionic constitution (H,O*),(SO,?>). 

The Hydroxonium Ion.—For all the hydrates examined, the observed lines can be 
attributed to anions derived from the acids, except in the case of perchloric acid hydrate 
where one line corresponds to a frequency of the acid molecule. In no case were any 
lines observed which could be attributed to a cation, although proton resonance ** and 
infrared studies &™ provide strong evidence for the occurrence of the hydroxonium ion 
in a number of acid hydrates. In both infrared investigations ® ™ the lines attributed to 
the hydroxonium ion were found to be unusually broad, having half-widths of about 150— 
300 cm.*, even at low temperatures, The breadth of the lines undoubtedly contributes 


* Kakiuchi, Shono, Komatsu, and Kigoshi, J]. Chem. Phys., 1951, 19, 1069. 

* Kiuchards and Smith, Trans, Faraday Soc., 1951, 47, 1261. 

* Hethell and Sheppard, /. Chem. Phys., 1963, 21, 1421; J. Chim. phys., 1953, 50, 72. 

’ Simon and Hopner, Kolloid Z7,, 1938, 85, 8. 

' Luzatti, Compt vend., 1950, 238, 101; Acta Cryst., 1951, 4, 239 

* Forsythe and Giauque, J, Amer. Chem. Soc,, 1042, 64, 48 

‘© Woodward and Horner, Proc, Roy. Soc., 1934, 144, A, 129. 

't Ferriso and Hornig, /. Amer. Chem. Soc,, 1953, 75, 4113; J. Chem. Phys., 1955, 23, 1464. 
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to the difficulty of their photographic detection in Raman spectra.* However, this effect 
seems unlikely to be the only reason for the absence of these lines from our spectra. In the 
case of hydroxonium perchlorate the spectra include the weakest characteristic of the 
perchlorate ion, namely a very weak, broad band at about 1065 cm.'. That even the 
strongest line of the hydroxonium ion should be more difficult to record than the very 
weak, broad line of the perchlorate ion probably indicates that the polarisability of the 
hydroxonium ion does not change appreciably during a vibration. 

The unusually large line-breadth is found for both the degenerate and the non- 
degenerate vibrations of the hydroxonium ion and so it appears that it may be due, in part, 
at any rate, tosome special mechanism. Possibly it arises from a splitting of the vibrational 
levels due to proton tunnelling between the potential minima corresponding to H,O'A 
and H,O-HA. In the vibrational ground state tunnelling is evidently slight, for the 
spectra are essentially those of anions. However, the weak appearance, in the spectrum of 
hydroxonium perchlorate, of a line due to the perchloric acid molecule may be an indication 
that tunnelling in the ground state is not negligible. An appreciably larger effect for the 
upper states involved in vibrational transitions could contribute to the appearance of 
broad lines. 


EXPERIMENTAL 


In order to obtain high sensitivity in photographing spectra of powdered solids we used a 
Hilger £612 Raman spectrograph with a camera lens of relative aperture //1-5, a high-intensity 
low-pressure mercury arc (15 a maximum; water-cooled anode) source, and a specially designed 
cell. To overcome a main problem in the design of a cell for use with powdered solids, namely 
loss of incident light, by reflections at crystal faces, before it reaches the region which is effective 
in scattering Raman radiation into the spectrograph, we concentrated the effective scattering 
region into a small volume and reduced the thickness of powdered crystal in the path of the 
incident light as far as possible consistent with ease of alignment. The cell consisted of an 
optical window 3 mm. x 26 mm, sealed into a tube as shown in the Figure, which is a section 
through the narrow dimension, 

In operation, the cell was used vertically in a vacuum flask similar to that used by 
Sutherland, except that it was partially silvered and had a window for the entry of incident 
radiation. The cell was aligned by using a method similar to that described by Poole. About 
0-5 ml. of liquid acid hydrate was run into the cell and was cooled slowly and stirred with a glass 
rod to avoid supercooling. This gave a translucent crystalline mass, suitable for obtaining 


Section through narrow dimension of rectangular cell formed in a circular tube, showing simplified 
method of use. 


gd Les LD 


Slit Lens Exit Saomp/e 
filter 


‘ 


Raman spectra. Rapid cooling often resulted in a sudden solidification to a “ glass "’ and 
fracture of the cell. The end of the tube was closed with a ground-glass cap, sealed with 
metaphosphoric acid. 

An entry filter of cobalt thiocyanate and an exit filter of o-nitrophenol were used as described 
previously. Spectra were recorded on Kodak O-aO plates. 


The authors thank Professor C, K. Ingold, F.R.S., for his interest. 


WILLIAM RAMSAY AND RALPH Forster LABORATORIES, 
University Cottecr, Gower St., Lonpnon, W.C.1 [Received, March 6th, 1956.) 


* (Added 186-56.) Mullhaupt and Hornig (J. Chem. Phys., 1956, 24, 169) have succeeded in record 
ing photoelectrically two bands in the Raman spectrum of a single crystal of hydroxonium perchlorate 
These bands are indeed very broad, stretching from 1500 to 1690 and from 2460 to 3600 cm.~!. 


48 Sutherland, Proc. Roy. Soc., 1933, 141, A, 535. 
18 Poole, J., 1946, 251. 
™ Ingold, Millen, and Poole, J., 1960, 2577. 
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567. The Degradation of Carbohydrates by Alkali. Part XII.* 
6-O-Methyl- and 3: 6- and 4: 6-Di-O-methyl-v-glucose. 


By J. Kenner and G. N. RIicnarps. 


Conversion of 3: 6- and of 4: 6-di-O-methyl-p-glucose into 6-O-methyl- 
meta- and -iso-saccharinic acid respectively identifies the saccharinic acids 
prepared directly from 6-O-methy!-p-glucose as of predominantly the meta- 
type 


WueEreas formation of saccharinic acids of predominantly the meta- and, to a smaller 
extent, the iso-type from glucose requires the action of strong alkali,’ such acids are 
produced from melibiose (6-O-galactosyl-p-glucose) by the action of lime-water.? It was 
thus desirable to study the behaviour of 6-O-methy]-p-glucose from this point of view. 

The substituted meta- (111) and iso-saccharinic acid (IV) were prepared, in line with 
the generalisation already enunciated,* by the action of lime-water on 3 : 6- (I) and 4: 6- 
di-O-methyl-p-glucose (I]) respectively, the presumed structures being confirmed by the 


OH HO 


i O.H co, 
2 


MeO 


H OH 
H OH 
Cc 


(I) CHyOMe (111) CH,-OMe 


H 


behaviour of the acids towards sodium metaperiodate : the mixed 6-O-methyl-p-glucometa- 
saccharinic acids (II1) gave malondialdehyde and methoxyacetaldehyde, and, as further 
confirmation, degradation by hydrogen peroxide yielded 2-deoxy-5-O-methyl-p-ribose ; 
5-O-methyl-p-glucotsosaccharinic acid (IV) similarly yielded formaldehyde and 2-deoxy-4- 
O-methyl-p-erythronic acid (V). 


O,H co, 


(OH)CH,-OH ’ O,H + CH,O 
oS 
H H, H, 
H-—C—OH —OH H I OH 


(1!) CHyOMe (IV) CH,OMe (V) CH,OMe 


It was then shown that, when lime-water degraded 6-O-methyl-p-glucose (VI), lactic acid 
was obtained in 78% yield, the remainder being mainly 6-O-methyl-p-glucometasaccharinic 
acids (II1). Although no conclusive evidence of the formation of the corresponding 
isosaccharinic acid (IV) was found these results are in general accord with those obtained 
with melibiose.* 

It thus appears that if the 6-hydroxyl group is inactivated by substitution the alkalinity 
of lime-water so stabilises the dienolate ion (VII) as to lead to formation of saccharinic acids 
of the meta-type (III). Otherwise, and in amendment of the earlier scheme,’ as a result of 


* Part XI, /., 1955, 1810. 

' Nef, Annalen, 1910, 376, 89 

* Corbett and Kenner, /., 1954, 3281 

' Kenner and Richards, (a) J., 1964, 278; (6) 1955, 1810. 
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reactivity of the 6-primary alcoholic group there is produced a system (VIII) which 
rearranges to ordinary saccharinic acid. In these circumstances more strongly alkaline 
conditions, ¢.g., 8N-sodium hydroxide as employed by Nef,' are required to produce the 


HO H,OH 
H—C—OH 
HO- C—-H 
H—C—OH 
H—C—OH 
(VI) CH,OMe H,-OMe 
ion (IX), thus restraining rearrangement. The restraint is, however, not quite complete 
since the small proportions of acids of the iso-type obtained under these conditions, and 
also noted among the products from melibiose, must arise from some rearrangement, 
e.g., to the ion (X). 
CH:O~ CH-O- CH:O~ ce 


5 ore O- 
HO—C—H HO—C—H 


H-—C—OH H-—-C-—OH 


H—C-—-OH H ¢ OH 


(VII) CHyOR (VIII) CHyO> (IX) CH,yO- (X) CHyO> 

Clearly, also, substitution of the 6-hydroxy! group is likely to result in more pronounced 
attack by alkali on the 4-hydroxyl group, and so to increase the formation of lactic acid. 
Further, it will be noted that, in such a case, a 3-O-alkylglyceraldehyde (XI) would be a 
primary product of the degradation and very readily subject to further attack. Thus the 
yields of the acid from melibiose and from 6-O-methylglucose are about 80%, as against 67%, 
under comparable conditions from glucose.‘ 

HO H,-OH H,-OH 


H—C—OH 0 
HO-C-H “HyOH 


H—C—OH . CHO 
H-—C—OH : CH-OH 
CH,OR CH,OR CHyOR (XI) 


The effect of substitution in the 6-O-position is also seen in the more rapid attack by 
lime-water on 3: 6- and 4: 6-di-O-methylglucose than on 3- and 4-O0-methylglucose 
respectively. The apparent first-order rate constants (log,, k; hr.~"), caleulated from acid 
formation, at 25° were: 3-O-methyl- 5-3 x 10%; 3: 6-di-O-methyl-, 61 x 10%; 4-0- 
methyl-,” 3-0 x 10°%; 4:6-di-O-methyl-, 5-9 x 10%. The relatively low values of the 
last two constants reflect the fact that in these instances isomerisation to the corresponding 
fructose derivatives must precede formation of a saccharinic acid, 


EXPERIMENTAL 
The following solvents and sprays were used for paper chromatography : solvents a, butanol- 
light petroleum (b. p. 100-—-120°)—acetic acid~water (2:1: 1:2); 6, butyl acetate-acetic 
acid~water (10:3:1); ¢, butanol-pyridine-water (6:4:3); d, butanol-ethanol-acetic 
acid—water (45:5:1:49); e, butanol—pyridine-benzene—-water (5:3:1: 3). Sprays were; 


* Kenner and Richards, J., 1954, 1784. 
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a, silver nitrate-sodium hydroxide ;* b, naphtharesorcinol ;* c, hydroxylamine~ferric chloride ; 7 
d, sodium metaperiodate~potassium permanganate.* 

Degradation of 3: 6-Di-O-methyl-v-glucose.—The ether, prepared by Bell's method,® was 
chromatographically homogeneous. 

(a) Qualitative. A solution of 3: 6-di-O-methyl-p-glucose (2-30 g.) in oxygen-free 0-04N- 
lime-water (650 ml.), after 5 days at 25°, was saturated with carbon dioxide, boiled for a few 
minutes, and filtered. The filtrate was evaporated to dryness and the yellowish solid residue 
(2-560 g., 99%) washed with ethanol [Found ;: C, 39-4; H, 6-2; Ca,7-9. Calc. for (C,H,,O,),Ca : 
C, 39-4; H, 615; Ca,7-3%). To separate the mixed calcium 6-O-methyl-a- and -6-p-glucometa- 
saccharinates, a column of Dowex-1 resin in the acetate form (200—400-mesh; 1 x 35cm.) was 
prepared by washing the corresponding chloride form with n-hydrochloric acid (100 ml), 
followed by 0-2m-sodium acetate until the effluent showed only a faint test for chloride. An 
aqueous solution (5 ml.) of the mixed calcium salts (0-30 g.) was then transferred to the column 
and eluted with 0-1m-acetic acid, 20 ml. fractions being collected at 0-25 ml,/min, The $-form 
was removed first (200-260 ml.) and shown to be homogeneous by paper chromatography [I, 
0-31 (lactone) in solvent b, sprays c and d}. The free acid form reacted rapidly with the latter 
spray, but the lactone comparatively slowly (20 min.), Evaporation of the relevant fractions 
yielded the 6-form as a colourless syrup (0-044 g.), from which was prepared, in the usual way, 
brucine 6-O-methyl-6-b-glucometasaccharinate showing, after crystallisation from ethanol, m. p. 
136-—137°, (a) ~—35° (¢ 1 in H,O) (Found; C, 61-2; H, 7-0; N, 46. CygHygOygN, requires 
C, 61-2; H, 685; N, 48%). 

Further elution of the column with the same solvent yielded first mixtures and then the pure 
a form, showing Ry 0-61 (acid), 0-64 (lactone) in solvent a, and #, 0-39 (lactone) in solvent b. 
The reactions with sprays ¢ and d were as noted for the 8-form. Evaporation of the relevant 
fractions yielded the a-form as a colourless syrup (0-104 g.) from which was prepared brucine 
6-O-methyl-a-p-glucometasaccharinate showing, after crystallisation from ethanol-ether, m. p. 
126--135° (sintering at 105°), [a)#! —24° (¢ 2 in H,O) (Found: C, 60-9; H, 7-2; N, 45%). 
lotal recovery of material from the column with the above eluant was ca, 35%. 

(b) The course of reaction in a solution of 3 : 6-di-O-methyl-p-glucose (0-356 g.) in oxygen- 
free 0-0400N-lime-water (100 ml.) at 25° was followed by treating samples (5 ml.) with 0-05n- 
sulphuric acid (6 ml.) and titration (phenolphthalein) with 0-025n-potassium hydroxide, The 
neutralised solutions were diluted to 25 ml. for polarimetry in a 4-dm. tube (see Table). 

Paper Paper 
rime Acids formed ®!romatography * Time Acids formed btomatography * 
(hir.) aj? (equiv./mole) G F S » (equiv./mole) G J S 
0-25 52 0-02 4 0-61 °{ 2 
Ob 46 0-05 4 . 0-04 f 3 
10 +41 O-ll 3 31. 0-95 “5 — 3 
20) +34 0-22 2 ‘ 0-97 , _ 3 
30 + 31 0°33 2 0-6 i 0-98 - _~ 3 
45 25 O45 2 0-5 2 0-09 - 3 

* Solvent c, sprays a, b. Numbers denote relative intensity. G — 3: 6-di-O-methyl-p-glucose 
(Ry 0-63); F « supposed 3 ; 6-di-O-methyl-p-fructose (Ry 0-67); S = 6-O-methylmetasaccharinic 
acids (iy <0-10), 


Periodate Oxidation of 6-O-Methyl-v-glucometasaccharinic Acids.—A solution of the mixed 
calcium salts described above (0-05666 g.) was shaken with Amberlite resin IR-120 (H) (1 g.) for 
5 min., then filtered, and the resin washed with water. 0-4m-Sodium metaperiodate (5 ml.) was 
added to the combined filtrate and washings, and the solution diluted to 50 ml. and kept at 25°. 
The rate of consumption of periodate, measured by reaction with potassium iodide and 
subsequent titration with sodium arsenite, was as follows, the “ over-oxidation ” presumably 
being due to the slow destruction of malondialdehyde.” 

Time (hr.) . 40 24 198 
1-57 1-98 2-85 

In a separate experiment the same mixture of calcium salts (0-206 g.) was freed from calcium 
ions as described above, 0-4m-periodic acid (5 ml.) was added to the resulting solution (20 ml.), 

* Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 

* Hough, Jones, and Wadman, /., 1950, 1702. 

* Abdel-Akher and my FE Amer, Chem. Soc., 1951, 73, 5859. 

* Lemieux and Bauer, Analyt. Chem., 1954, 26, 920. 


* Bell, /., 1936, 1553, 
° Fleury, Bull. Soe chim. France, 1955, 1126, and references therein 
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and the mixture evaporated to dryness under reduced pressure at 35—40°. The distillate, 
treated with a saturated solution (50 ml.) of 2: 4-dinitrophenylhydrazine in 2n-hydrochloric 
acid at 100° for 10 min. and then left overnight at room temperature, gave a precipitate which 
was extracted with boiling ethanol and recrystallised from nitrobenzene. The malondialdehyde 
bis-2 : 4-dinitrophenylhydrazone thus prepared showed m. p. 300° (decomp.) (ef. ref. 11) 
(Found: C, 41-25; H, 2-8; N, 26-4. Calc. for C,,H,,O,N,: C, 41-65; H, 2-8; N, 25-90%). 
The ethanol extract, when fractionally precipitated with water, yielded methoxyacetaldehyde 
2: 4-dinitrophenylhydrazone, m, p, and mixed m, p, 122-124’. 

2-Deoxy-5-O-methyl-p-ribose.—Barium acetate (0-2 g.) and ferric sulphate (0-1 g.) were 
added to a solution of mixed calcium 6-O-methyl-«- and -4-p-glucometasaccharinate (1-13 g.) in 
water (10 ml.), After boiling, the mixture was filtered, cooled to 40°, and treated with 30% 
hydrogen peroxide (1 ml.). After being warmed to 70° to initiate reaction, the solution was 
allowed to cool to 40°, then more hydrogen peroxide (1 ml.) was added and the solution heated 
as before. Finally the solution was de-ionised by stirring it with mixed Amberlite resins 
IR-120 (H) (5 g.) and IR-4B (OH) (10 g.) and evaporated to a colourless syrup (0-288 g., 37%). 
Paper chromatography (solvent c, spray a) indicated that the crude 2-deoxy-5-O-methyl-p- 
ribose (/?, 0-81) so obtained was contaminated with traces of reducing impurities (2, 0-26, 0-61). 
Part of the syrupy product (0-15 g.) was converted in the usual way into N-2-deoxy-5-O-methyl- 
p-rvibosylaniline, m. p, 139-—-140° (Found: N, 5-9; OMe, 141. C,,H,,O,N requires N, 63; 
OMe, 13-9%). 

4: 6-Di-O-methyl-p-glucose was prepared by stirring a solution of methyl 2: 3-di-O-benzyl- 
4: 6-di-O-methyl-a-p-glucoside * (24-0 g.) in ethanol (200 ml.) with Raney nickel (cea, 40 g,) in 
the same solvent (100 ml.) while the temperature was raised from 60° to 85° during 6hr. The 
solution, after a further 2 hours’ refluxing, was filtered and evaporated almost to dryness, The 
filtered aqueous solution of the residue (100 ml.) was washed with chloroform (4 * 50 m1.) and 
evaporated. The yield of 4: 6-di-O-methyl-a-p-glucoside, after distillation at 172--174°(bath 
temp.) /0-17 mm., n” 1-4742, was 10 g. (76%). Bell and Lorber * give n\?* 1-4715., 

Hydrolysis by n-sulphuric acid for 20 hr, at 100° furnished 4: 6-di-O-methyl-p-glucose, 
m. p. 163-—163-5° (from ethanol), (a)7? + 65° (equil.; c 2 in H,O) (Found: C, 46-1; H, 81; 
OMe, 29-5. Calc. for C,H,,0,: C, 46:1; H, 7-75; OMe 29-8%). Bell and Lorber “ give m. p, 
156—157°, [a], + 65-7° (equil.). 

Degradation of 4 : 6-Di-O-methyl-p-glucose.—-(a) Qualitative. A solution of 4: 6-di-O-methy] 
p-glucose (5-05 g.) in oxygen-free water (500 ml.) was treated with calcium hydroxide (5 g.) at 
35° with occasional shaking for 8 days, filtered from excess of lime, and worked up as described 
for 3 : 6-di-O-methyl-p-glucose, to yield a colourless amorphous solid (4-94 g., 96%), which was 
fractionally precipitated with ether from moist methanol. The first fraction was calcium 
5-O-methyl-a-b-isosaccharinate, (a)? +5-6° (c 1 in H,O) (Found: C, 39-5; H, 65; Ca, 97, 
(C,H,,0,),Ca requires C, 39-4; H, 6-15; Ca, 94%]. This was shown to be homogeneous by 
shaking its aqueous solution with Amberlite resin [K-120 (H) and subsequent paper chrom- 
atography in solvent d (spray c), a single spot only being observed (2, 0-62), The brucine salt, 
prepared from the calcium salt in the usual way, after crystallisation from ethanol-ether, had 
m. p. 152—-154°, [a]? —24° (¢ 1 in H,O) (Found: N, 4-7; OMe, 15-5. Cy H,,O,,N, requires N, 
4-8; OMe, 15-8%). 

(b) Quantitative. A solution of 4: 6-di-O-methyl-p-glucose (0-365 g.) in oxygen-free 
0-0400n-lime-water (100 ml.) was kept at 25° and examined as described for 3 ; 6-di-O-methyl-p- 
glucose, except that paper chromatography was carried out in solvent ¢ (see Table). 


Paper Paper 
Time Acids formed hromatography * Acids formed Chromatography * 
(br.) ‘ (equiv./mole) G iD 5 “i? (equiv./mole) G 
0 ’ 4 ‘ 5 | 94° 0-61 2 
1 { 4 0°25 } +47 0-74 1 
30 Os 0-43 
50 l 0-985 
70 + 56-E d ] + 1-02 
24 +440 “4 i - 3 1-1 K 
50 1 1 HOS + @ Ll 3 
*G 4: 6-di-O-methyl-p-glucose (/y 0-60) ; ipposed 4: 6-di-O-methyl-p-fructose (Ry 
0-72); S saccharinic acid (Itp 0-05) 


1) Rothstein, } @ 1940, 1557. 
12 Bell and Lorber, /., 1940, 453. 
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Peviodate Oxidation of 6-O-Methyl-a-b-isosaccharinic Acid.—(a) A solution of calcium 5-O- 
methyl-«-p-isosaccharinate (0-102 g.) in water (5 ml.) was shaken for 10 min. with freshly 
washed Amberlite resin IR-120 (H) (ca. 1g.) and filtered. The filtrate and washings from the resin, 
together with 0-4m-sodium metaperiodate (6 ml.), were diluted to 50 ml. and kept at 25°. At 
intervals aliquot portions were treated in the usual way with potassium iodide and titrated with 
sodium arsenite, and after 20 hr. 0-1n-sodium hydroxide (1 ml.) was added to the remaining 
solution (20 ml.) to facilitate completion of the oxidation (cf. ref. 13). Results were: 


Time (hr.) . 0-26 0-5 10 1 
NalO, consumed (moles/mole) 0-83 0-95 1-07 l- 


5 ° 2 y 2 188 
13 ‘ “g 1-58 1-97 2-07 


(b) The sodium salt of the saccharinic acid (prepared from 0-70 g. of the calcium salt) was 
treated with sodium metaperiodate (3-5 g.) and sodium hydrogen carbonate (1-5 g.) in aqueous 
solution (60 ml.) for 2 hr, at room temperature. The solution was then steam-distilled for 
40 min. and subsequently evaporated to dryness, the distillate being cooled to —40°. The 
dimedone derivative of formaldehyde, prepared from the distillate in the usual way," had m. p. 
and mixed m. p. 189-—~-190° (0-72 g., 75-5%). 

The aqueous solution of the residue was shaken with excess of Amberlite resin IR-120 (H), 
filtered, and extracted with ether to yield a pale yellow syrup (0-43 g.) which was converted into 
the sodium salt and with 4-phenylphenacyl bromide yielded 4-phenylphenacyl 2-deoxy-4-O- 
methyl-p-erythronate, which after repeated crystallisation from ether—light petroleum had m. p. 
102103", {a}}" +-4° (c 1 in MeOH), but was apparently still not quite pure (Found: C, 70-9; 
H, 6-4, Cale, for CygHgO,: C, 69-45; H, 61%). Owen and Sultanbawa reported “ m. p, 96° 
for the optically inactive ester, 

Action of Lime-water on 6-O-Methyl-p-glucose.-—6-O-Methy]-pD-glucose was prepared by the 
method of Levene and Kaymond ” and shown to be homogeneous by paper chromatography 
(it, 0-48; solvent a, spray a). 

(a) Qualitative, An oxygen-free aqueous solution (1 1.) of 6-O-methyl-p-glucose (15-25 g.) 
was treated with calcium hydroxide (20 g.) 2 . 26° for 14 days with occasional shaking. After 
removal of the excess of lime at 50°, the filtrate was saturated with carbon dioxide, boiled for 
a few minutes, again filtered, and concentrated. Calcium lactate (0-76 g., 3%) gradually 
separated at room temperature and was characterised by conversion into the corresponding 
4-bromophenacy] ester, m, p. and mixed m, p. 111—-113°, The mother-liquor was treated with 
excess of Amberlite resin [R-120 (H), neutralised with zinc carbonate, boiled for a few minutes 
to decompose bicarbonates, and filtered. Zine lactate (4-24 g., 18°) gradually separated from 
the resulting solution at 0°, and yielded the corresponding 4-bromophenacy] ester identical with 
that obtained from the calcium salt. The liquor on evaporation to dryness yielded a white 
powder (13-2 g.), faintly reducing Fehling’s solution, Part of this product (1-5 g.) was transferred 
in water (10 ml.) to a column of Dowex-1 resin in the acetate form (2 x 35cm.; 200-—400-mesh) 
and eluted with 0-IM-acetic acid (1 ml./min.), the following products being obtained by evapor- 
ation of fractions of the effluent in the order given. 

(i) Minute amounts of lactone, possibly 5-O-methylsaccharinolactone. Paper chrom- 
atography (sprays c, d) showed that, besides the main component (it, 0-74, solvent a; Ry 0-54, 
solvent b), there was also a very small amount of another lactone (/?, 0-83 and 0-63), the two 
components presumably corresponding to the a- and the $-form respectively. 

(ii) Mainly 6-O-methyl-6-metasaccharinolactone (0-045 g.), Ry 0-43 (acid), 0-54 (lactone) 
(solvent a, sprays c, d), The brucine salt was prepared and when fractionally recrystallised 
from ethanol-ether had m, p, 134—-136°, not depressed by admixture with the corresponding 
compound obtained from 3; 6-di-O-methyl-p-glucose. This fraction probably contained a 
small amount of 5-O-methyl-a-tsosaccharinolactone showing R, 0-66 (soivent a), but reacting 
rapidly with spray d, and so distinct from the mefasaccharinolactone derivative of similar It, 
value. 

(iii) 6-O-methyl-a-metasaccharinolactone was obtained as a colourless syrup (0-040 g.), Ry 
0-51 (acid), 0-64 (lactone) (solvent a, sprays c, d) and readily yielded a crystalline brucine salt, 
m. p, 1256--135° (sintering at 105°) not depressed by admixture with the corresponding product 
obtained from 3; 6-di-O-methyl-p-glucose; the salt had [a]? —23° (c 1 in H,O). 


** Sprinson and Chargaff, J. Biol. Chem., 1946, 164, 433. 
 Keeves, ]. Amer. Chem, Soc., 1941, 63, 1476 

'® Owen and Sultanbawa, /., 1949, 3098 

'* Levene and Kaymond, /. iol. Chem., 1932, 97, 751. 
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(iv) Lactic acid, shown to be homogeneous by paper chromatography (R, 0-70, solvent a, 
spray d); it yielded the 4-bromophenacyl ester, m. p. and mixed m. p. I111--113°. Total 
recovery of material from the column was ca. 30%. 

(b) Quantitative. A solution of 6-O-methyl-p-glucose (0-347 g.) in oxygen-free 0-0388N- 
lime-water was kept at 25° while the formation of acid was determined by back-titration after 
addition of excess of sulphuric acid. Duplicate determinations by the resin method (cf. ref. 17) 
yielded identical results. Lactonised acids were estimated as described earlier; * comparison 
of the results obtained with authentic calcium 5-O-methyl-«-/sosaccharinate and 6-O-methyl- 
metasaccharinate indicated that lactonisation was approx. 78°, complete in each case and 
accordingly the appropriate correction factor was applied. The results are expressed in the 
Table, an assumption being that the non-lactonised acid corresponds to lactic acid, 


Acid yields from 6-O-methyl-p-glucose in lime-water. 


Lactonised 
Total acid acid Lactic acid 
(equiv./mole) (equiv./mole) (equiv. /mole) G K M S$ 
t 0 0 
+ 0-02 t 
} 0-07 t 
+ 0-44 0-04 
-+ 0-57 0-05 
+ 
t 
4 
+ 
t 


Paper chromatography * 


0-80 0-06 
1-54 0-18 
1-69 0-20 
288 1-78 0-21 57 
528 1-79 0-22 57 
* Solvent c, sprays a and b. t Not determined 
G 6-O-methyl-p-glucose (Ry 0-48), F = supposed 6-O-methyl-p-fructose (Ry 0°62), M sup- 
poser! 6-O-methyl-p-mannose (fp 0°54), S = saccharinic acids (hy <0-10) 


“tormtocew & 


216 


This work forms part of a programme of fundamental research undertaken by the Council 
of the British Rayon Research Association. 


fmirisw Kayon RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER. ' Received, March 9th, 1956.) 


17 Corbett and Kenner, J., 1955, 1431. 


568. T'he Degradation of Carbohydrates by Alkali. Part XIII.* 2: 3- 
Di-O-methylglucose and its Conversion into 5-Hydroxymethylfurfuralde- 
hyde. 


By J. Kenner and G. N. RIcHarps. 


Degradation of 2: 3-di-O-methyl-p-glucose by lime-water at room temper- 
ature does not yield saccharinic acids, owing to the formation of an alkali- 
stable intermediate which is very readily converted into 5-hydroxymethyl- 
furfuraldehyde in acid solution. 


It is a consequence of the mechanism! of formation of saccharinic acids from a-di- 
hydroxy- or a-hydroxy-$-alkoxy-carbonyl systems : 


~CO-CH(OH)-CH(OR)~ —— -CO-C(OH)'CH~ ——- Saccharinic acid 


that alkylation of the a-hydroxyl group should arrest the reaction at an intermediate 
stage, and it was thus of interest to examine a case of this kind. 
2:3: 4: 6-Tetra-O-methylglucose is one instance, and, in fact, a careful kinetic study 


* Part XII, preceding paper. 
1 Kenner, Chem. and Ind., 1955, 727. 
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of its behaviour at 35° towards lime-water by Simons and Struck * led them to formulate 
the following scheme of reactions : 


G + OH~ « GOH™ wee G’ + OH” age MOH™ = M + OH 


' 


G’ OH- == G” + OH- 
(G = Tetra-O-methylglucose; M = Tetra-O-methylmannose) 


They were unable to identify G’ and G’’, but we have now shown that in the analogous 
case of 2: 3-di-O-methylglucose the action of lime-water at 25° causes the gradual form- 
ation of an absorption band at 2140 A corresponding to the formation of an «$-unsaturated 
carbony! derivative (I). In agreement with the observations of Simons and Struck, the 
reaction in the present instance also did not go to completion, As a result, the unsaturated 
product was not obtained pure even by chromatography and it was at best only con- 
centrated by extraction with ether. Nevertheless the structure (I) is assigned on the basis 
of its ultraviolet absorption and of its degradation by ozone to a derivative of glyoxylic 
acid. Paper chromatography also gave evidence of the formation of erythrose in the 
latter reaction. Treatment of the product (1) with 2 : 4-dinitrophenylhydrazine yielded a 
hydrazone of composition (11), verified by acetylation. Two other unidentified hydrazones 
were obtained in smaller amount from this reaction. 


HO H°N-NH-C,H,(NO,), 
H-OMe 
H*NH-NH-C,H,(NO,), 
OH 
OH 


H,OH H,-OH 
(1) (11) 


Acidification of the original reaction mixture at room temperature left the di-O-methyl- 
glucose unchanged and possibly also 2: 3-di-O-methylmannose, which could not be 
distinguished by paper chromatography, but the absorption band at 2140 A was gradually 
replaced by a transient one at 2300 A and finally by another at 2850 A, representing 
5-hydroxymethylfurfuraldehyde 4 (VII), methyl aleohol being liberated. 


HC -——---- CH-OH jw 


i OMe 
MeO—C-H © CH 


H H H —OMe 


~ a : H H OH 


H,-OMe H,-OMe | 
(111) (IV) 


The facility of this reaction corresponds to that of the conversion of tetramethyl- 
glucoseen (III) into 5-methoxymethylfurfuraldehyde (VIII) by 3n-hydrochloric acid,® and 
indeed this reaction probably involves the 4 : 6-di-O-methyl ether (IV) of (1) as an inter- 
mediate. Acid hydrolysis of the vinyl ethers (1) and (IV) followed by elimination of water 
and of methyl alcohol respectively would yield the unsaturated dicarbonyl derivatives (V) 


* Simons and Struck, /. Amer. Chem. Soc., 1934, 66, 1947. 
' Draude, Ann, Reports, 1945, 42, 105. 
* Seallet and Gardner, J]. Amer. Chem. Soc., 1946, 67, 1934. 
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and (VI), which would be expected to cyclise and lose water readily, yielding 5-hydroxy- 
methylfurfuraldehyde (VII) and its methyl ether (VIII). The compound (VI) was charac- 
terised by Wolfrom, Wallace, and Metcalf ® as an intermediate in the acid conversion of 
tetramethylglucoseen into 5-methoxymethylfurfuraldehyde (VIII), and later the com- 
pound (V) was postulated * as an intermediate in the acid degradation of glucose. The 
absorption band at 2300 A may provide additional evidence for (V). 


HO HO HO 
; I 
“H 
L } 
H ©—OH -- = 
H,OR a 


(V): Re H (VII): Re H 
(VI): Re Me (VIII): Ro Me 


The results of Neher and Lewis? on the behaviour of methylated hexoses and pentoses 
agree with the above hypothesis, and it would be expected that the pentoses should undergo 
corresponding reactions, 


EXPERIMENTAL 


The following solvents and sprays were used for chromatography with Whatman No. 1 
paper at 27°. Solvent a, butan-1l-ol-pyridine-benzene—water (4: 2:1:1); sprays: a, p-anis 
idine hydrochloride; * b, silver nitrate-sodium hydroxide.* 

Alkaline Degradation of 2: 3-Di-O-methyl-n-glucose.—2 : 3-Di-O-methyl-p-glucose was pre- 
pared by Irvine and Scott’s method,” except that methylation was carried out with dimethyl 
sulphate in acetone," and the benzylidene and the glycosidic alkyl group were removed in one 
step. The properties of the product, after recrystallisation, were the same as those recorded by 
Irvine and Scott, and it was further characterised as its p-nitrophenylhydrazone, m. p. 164-—165° 
(Found; C, 48-6; H, 6-15; N, 12-3; OMe, 17-9. C,,H,,O,N, requires C, 48-05; H, 6-2; N, 
12-2; OMe, 18-0%), and p-toluidide, m. p. 156—157°, («|% —88° (initial) —» +-38° (48 br.) 
(¢ lin EtOH) (Found: N, 4-8. C,,;H,,O,N requires N, 47%). 

Reaction of 2: 3-Di-O-methyl-p-glucose with Lime-water.__(a) Ultraviolet absorption. The 
formation of an absorption band at 2140 A in a solution of 2 : 3-di-O-methyi-p-glucose (0-0208 g.) 
in oxygen-free 0-04N-lime-water (50 ml.) at room temperature (15—-20°) was observed as follows ; 


Time (hr.) 0-25 10 30 50 
eat 2140 A 256 301 351 


After 72 hr. the solution was acidified by 2n-hydrochloric acid (2 ml.), and the following three 
absorption bands were observed : 


0-25 hr. 65 he 4 days 6 days 10 days 
° 530 ° bd 
2000 O60) B30 ° 
320 3675 580 3800 


* Not observed. 


The final absorption corresponds to a yield of 23% of 5-hydroxymethylfurfuraldehyde, 
calculated * on the original amount of 2 : 3-di-O-methy|-p-glucose 


Wolfrom, Wallace, and Metcalf, J]. Amer. Chem. Soc., 1942, 64, 265 
Wolfrom, Schuetz, and Cavalieri, ibid., 1948, 70, 514 

Neher and Lewis, ibid., 1931, 58, 4411, and references therein 
Hough, Jones, and Wadman, J., 1950, 1702. 

Trevelyan, Proctor, and Harrison, Nature, 1950, 166, 444. 

Irvine and Scott, /., 1913, 108, 675. 

Glen, Myers, and Grant, J., 1951, 2568. 
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(b) The optical rotation of a solution of 2 : 3-di-O-methyl-p-glucose (5-00 g.) in oxygen-free 
0-04N-lime-water (600 ml.) at room temperature varied as follows : 


20 40 75 
$38° 433° +4276° 422° #+11° +8° 1 g° 


During this period the alkalinity of the solution measured by the usual method remained 
constant. When finally the resulting solution was saturated with carbon dioxide and con- 
centrated, the distillate, collected in a liquid-air trap, gave a strong test for methanol.” After 
filtration from calcium carbonate, the solution was evaporated to dryness, leaving a colourless 
syrup (4-90 g.) which gave two spots when examined by paper chromatography in solvent a. 
The first was identical in Ry value (0-58) with 2: 3-di-O-methyl-p-glucose and -mannose, 
reacted when heated with spray a, and showed the same lack of reactivity with spray 6. In this 
connection we have found that a “ normal ”’ reactivity (comparable with that of the parent 
aldose) towards spray a, together with a very slow and faint reaction with spray b, is a character- 
istic of all 2-ethers of the aldoses, The second spot (compound A) (Jt, 0-62) reacted strongly 
with spray b and gave a yellow colour at room temperature with spraya. Attempts to separate 
this mixture both by cellulose and carbon column chromatography were unsuccessful, but 
repeated extraction of the syrup with boiling ether and evaporation of the extract yielded a 
colourless syrup (S) (0-40 g.) in which the compound (A) predominated. The bulk of the 
material (I) was insoluble in ether, 

Addition of the syrup (0-20 g.) to a saturated solution (100 ml.) of 2: 4-dinitropheny]- 
hydrazine in 2n-hydrochloric acid at room temperature caused the rapid formation of an orange 
precipitate (0-31 g.). This, when filtered, extracted with boiling ethanol, and recrystallised 
from nitrobenzene, had m, p. 266° (decomp.) (Found: C, 41-2; H, 3-7; N, 20-2. CygHy,O,N, 
requires C, 41-1; H, 40; N, 20:2%). Treatment with acetic anhydride in pyridine furnished 
a triacetate, which separated from aqueous dioxan as orange needles, m. p. 179-—-181° (Found : 
C, 44-5; H, 45; N, 16-1. C,,H,,0,,N, requires C, 44-1; H, 4:1; N, 165%). 

The ethanol extract from the above crude 2; 4-dinitrophenylhydrazone, on evaporation, 
yielded a solid residue (0-15 g.) which appeared to be a mixture and was chromatographed on 
bentonite-kieselguhr.“ Elution with chloroform containing decreasing amounts of ether 
yielded two pure fractions: (i) An unidentified substance, m, p. 182—-183°, unchanged by 
recrystallisation as yellow needles from aqueous ethanol (Found: C, 48-0; H, 49; N, 15-4%) 
(ii) A substance, m. p. 211—212°, orange needles from aqueous dioxan, and apparently isomeri 
with the corresponding 5-hydroxymethylfurfuraldehyde derivative, whose m. p. it depressed on 
admixture (Found; C, 46-6; H, 3-3; N, 185%). 

A solution of a further portion of the syrup (S) (0-40 g.) in dry chloroform (50 mi.) was 
subjected at 0° to a stream of ozonised oxygen until no more ozone was absorbed, After 
addition of water (1 ml.) the solution was evaporated to dryness, and examination of the residue 
by paper chromatography (solvent a) indicated the presence of erythrose (2, 0-41), In order to 
separate the acidic portion of the residue, its solution in water (20 ml.) was passed through excess 
of Amberlite resin IR-4B (OH), and the resin then washed with water (100 ml.) and finally 
eluted with N-hydrochloric acid (20 ml.). Addition of the acidic eluate to a saturated solution 
of 2; 4-dinitrophenylhydrazine in 2n-hydrochloric acid (20 ml,) was followed by separation of 
yellow needles, After collection and recrystallisation from ethanol—water, these showed m. p. 
190--191° (decomp.) alone or in admixture with glyoxylic acid 2 ; 4-dinitrophenylhydrazone 

Action of Acid on Compound A.-—-The solution of a portion (0-501 g.) of the insoluble residue 
(KX) from the above ether-extraction in n-sulphuric acid (10 ml.) underwent the following 
changes in optical rotation at 25° : 

Time (hr.) oee : os) 
l 


26 
Lp 


} 6 
Paper chromatography in solvent a of de-ionised samples taken during the reaction indicated 
the disappearance of compound (A) (Rt, 0-62), the intermediate formation and subsequent decay 
of small amounts of another component (compound B, R, 0-72), and the formation of 5-hydroxy- 
methylfurfuraldehyde (2, 0-81). The spot corresponding to 2: 3-di-O-methyl-p-glucose 
(/?y 0-568) was observed in every case. Evaporation of part of the residual solution under 


'* Denighs, Compt. rend., 1915, 160, 832 
 Tlvidge and Whalley, Chem. and Ind., 1955, 589 
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reduced pressure yielded a distillate which gave a strong positive test for methanol ™ and treat- 
ment of the remainder with a saturated solution of 2: 4-dinitrophenylhydrazine in 2n-hydro- 
chloric acid resulted in the immediate formation of a red precipitate, which, when recrystallised 
from ethanol-water, had m, p, 195—-196° (sintered at 186°) alone or in admixture with 
5-hydroxymethylfurfuraldehyde 2 : 4-dinitrophenylhydrazone 


This work forms part of a programme of fundamental research undertaken by the Council 
of the British Rayon Research Association. 


British RAYON ReSEARCH ASSOCIATION, HEALD Green LABORATORIES, 
WYTHENSHAWE, MANCHESTER Recewed, March 9th, 1956.) 
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569. Griseoviridin. Part 111.* Degradation to 10-Aminodecanoic 
Acid, and Other Reactions. 


By D. E. Ames and R. E. Bowman. 


Octahydrodethiogriseoviridin diacetate is hydrogenated in hot hydro 
chloric acid to give 10-aminodecanoic acid and is reductively hydrolysed by 
the Clemmensen method to a 10-amino-x-hydroxydecanoic acid. Other 
reactions of griseoviridin are also described and a partial structure is 
suggested, g 


In previous work ! we reported that acid hydrolysis of octahydrodethiogriseoviridin diacetate 
yields two moles of a-amino-acid ; a-alanine was separated but no other amino-acid could 
be isolated. The formation of two mols. of alanine has now been established by treating 
the hydrolysate with ninhydrin and estimating the acetaldehyde produced. Both a-amino- 
acid groups liberated on hydrolysis are therefore accounted for and, since three ninhydrin- 
sensitive components can be detected by paper chromatography, the other two must be 
formed from the third nitrogen function during hydrolysis. These other two components 
appeared to be unstable on liberation from their hydrochlorides : this observation has now 
been confirmed by paper chromatography of the hydrolysate in butanol-ammonia, only the 
alanine spot then being detected with ninhydrin. A possible explanation of this instability 
is the presence of a keto-group in the other two amino-compounds so that self-condensation 
occurs on neutralisation. Attempts to avo! this difficulty by carrying out the hydrolysis 
under reducing conditions were therefu:s made. First, octahydrodethiogriseoviridin 
diacetate in warm hydrochloric acid was hyar ated over a platinum catalyst. After 
completion of hydrolysis by refluxing, the mixtur. ss examined by paper chromatography 
in butanol-ammonia ; in addition to alanine, four \ il-defined spots could be detected with 
ninhydrin. Treatment with anion-exchange rc-in sliowed that two of these products were 
amines and two were amino-acids. 1) Anunodecanoic acid was isolated by counter- 
current distribution and was readily identified by ti.c absence of a C-methyl group. 

Clemmensen reduction also yielded several stable ninhydrin-sensitive products, One 
of these, which was not isolated, was indistinguishable from 10-aminodecanoic acid in 
paper chromatography. Another component, C,,H,,O,N, is regarded as a 10-amino-x- 
hydroxydecanoic acid, since it must have been produced from the same fragment of the 
molecule as 10-aminodecanoic acid, The hydroxy- and amino-groups are not vicinal as 
the substance is not oxidised by periodic acid; moreover it is a rather weak acid (pK,’ 5-2; 
cf. 10-aminodecanoic acid, pK,’ 5-0) and is therefore not an a-hydroxy-acid. 

These results imply that the hydroxy ¢roup of the amino-hydroxy-acid residue is readily 
converted into the chloro-group m hyd: <hioric acid so that reduction then leads to 
10-aminodecanoic acid, This reaction probably explains the anomalous analysis obtained 
for a crystalline ‘‘ hydrochloride’ from griseoviridin and concentrated hydrochloric acid 
(Part II) since some covalently-bound chlorine could well be present in an impurity. To 

* Part II, /J., 1955, 4264, 


1 Ames and Bowman, J., 1955, 4264. 
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prepare a similar salt and avoid this difficulty, griseoviridin in dioxan was treated with 
perchloric acid. A perchlorate, Cy,H,g0,N,S,HCIO,, was obtained in good yield; as in 
the formation of the “ hydrochloride,” there is no overall addition of water during the 
reaction. Like griseoviridin, the salt furnishes nearly one mol. each of ammonia and 
a-~amino-acid on acid hydrolysis. In potentiometric titration the perchlorate showed 
pK,’ 69 (equiv., 400); back-titration then gave pK,’ values of 6-5 (equiv., 450) and 2-1 
and a further titration with alkali gave pK,’ 2-5 and 5-9 (equiv., 650). These results are 
evidently due to further reactions or hydrolysis during titration, but there are apparently 
two titratable groups corresponding to the pK,’ value of ca. 6. The perchlorate shows an 
ultraviolet absorption maximum at 218 my in water and at ca. 270 my in neutral or alkaline 
solution (ethyl! acetoacetate has maxima at 244 and 277 my, respectively). This evidence 
is considered to indicate the presence of a 6-oxo-acyl group (presumably $-oxo-amide) in the 
perchlorate and also in the “ hydrochloride.” 

Further examination of the acid hydrolysis of octahydrodethiogriseoviridin diacetate 
disclosed that only traces of carbon dioxide were evolved (whereas griseoviridin gives 
ca. 074 mole), Octahydrodethiogriseoviridin diacetate dissolves readily in cold con- 
centrated hydrochloric acid but the solution does not give any colour with ferric chloride ; 
similar treatment of griseoviridin, however, produces a deep red-purple colour. These 
observations are consistent with the suggested presence of a potential #-oxo-group 
in griseoviridin, absent in octahydrodethiogriseoviridin diacetate. Previous evidence 
indicated the presence of the system Me-CH(O-)-CH,°CHCC in griseoviridin, the oxygen 
atom being part of an acid-labile group. The latter group being assumed to be the source 
of the postulated ketone, this system may be extended to (1) which would also account for 
the following observations: First, the intensity of light absorption at 220 my falls sharply 
when griseoviridin is treated with hydrochloric acid; this could be attributed to cleavage 
of the conjugated enol ether to a $-oxo-amidé. Secondly, the potential $-oxo-acid system 
would account for the formation of carbon dioxide (and a little acetic acid) from griseo- 
viridin but not from the desulphurisation product, 

Ihe presence of two alanine residues in octahydrodethiogriseoviridin diacetate enables 
the proposed sulphur-containing moiety of griseoviridin to be extended to (II). The 
groupings (1) and (11) contain 14 of the 22 carbon atoms and must therefore include part 
of the 10-aminodecanoic acid residue, necessarily in the C(O-):CH-CO group, as in structure 
(111). Only one carbon atom is left, which must be placed as an acyl group, if a diacyl- 


Me-CH-CH,-CH:C~ Me-CH-CH,-CH:CH-CO- 


Me 
9 SNeSCHyCHCO- 


C:CH-CO-NC co ON >N‘CH,:(C,)-C/CH-CO- 
(1) (II) (ILI) 
amino-group is present, as the spectroscopic evidence suggests. The two hydroxyl groups 
must then be present in the chain of six carbon atoms which also contains one, or possibly 
two, double bonds. 

If these suggested groupings are correct, octahydrodethiogriseoviridin diacetate will 
contain a @-alkoxy-group in a saturated acid residue, and acid hydrolysis should lead to an 
unsaturated acid by elimination of the 6-alkoxy-group. The following reactions might 
explain the formation, in the Clemmensen process, of a saturated amino-acid bearing only 
one hydroxyl group : 


CH(OH)CH(OR)-CH COs — -CH(OH)-CH‘CH-CO,H — -CO(CH,),CO,H — “[CH,),CO,H 


An analogy is provided by the work of Fittig and his collaborators * who found that «-, 6-, 

and &-hydroxy~y-valerolactone each gave levulic acid on vigorous acid hydrolysis. 
Although alternative explanations of the evidence at present available might be possible, 

the partial structure (IV) is tentatively proposed for griseoviridin. Such a structure 


* Geissman, ]. Amer, Chem. Soc., 1953, 75, 4008 
* Fitting and Schaak, Annalen, 1898, 209, 45; Fittig and Lepere, idtd., 1904, 334, 92. 
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containing two amide and one diacylamine links would be tricyclic but it should be 
emphasised that the number of double bonds and rings cannot be stated with certainty as 
the number of hydrogen atoms in griseoviridin, and especially in the desulphurisation 
products, may differ by +2 from the values given. 


ies we :CH-CO- 


Me-CH'CH,’CH:CH-CO- 
(JV) 


EXPERIMENTAL 

The solvent systems used for paper chromatography and counter-current distribution were ; 
butan-1l-ol-water—acetic acid, 4: 5: 1 by volume (System A); and butan-1l-ol-water-ammonia 
solution (d 0-88), 6: 5: 1 (System B). 

Hydrolysis of Octahydrodethiogriseoviridin Diacetate. Estimation of alanine. The diacetate 
(0-2065 g.) was refluxed for 7 hr. with concentrated hydrochloric acid (10 ¢.c.), After 
the solution had been evaporated to dryness under reduced pressure, water (50 c.c.), citric acid 
(5 g.), sodium citrate (5 g.), and ninhydrin (0-5 g.) were added, and the solution distilled into 
2: 4-dinitrophenylhydrazine in 2n-hydrochloric acid. The yield of acetaldehyde derivative 
was 0-1525g. (1-78 mol.). Ina similar experiment, acetaldehyde was estimated as the dimedone 
derivative, m. p. 139-—140°, the yield being 1-21 mol 

Carbon dioxide evolution. The diacetate (60-8 mg.) was refluxed with 2n-sulphurie acid 
(25 c.c.) in a slow stream of nitrogen; carbon dioxide evolved was estimated by absorption in 
barium hydroxide solution but the amount was very small (0-06 mol. in | hr.). 

Hydrogenation—-Hydrolysis of Octahydvodethiogriseoviridin Diacetate.-The acetate (1-0 g.) 
was dissolved in concentrated hydrochloric acid (10 c.c.) and, after addition of water (10 c.c.), 
the solution was hydrogenated in the presence of platinum oxide (0-5 g.) at room temperature for 
5 hr. and then at about 50° for 5 hr. The filtered solution was refluxed for 7 hr. with more 
hydrochloric acid (20 c.c.) and evaporated under reduced pressure. The residue in acetic acid 
(20 c.c.) was then shaken in hydrogen with platinum oxide (0-5 g.) for 3 hr. (if this step was 
omitted the product obtained was impure apparently owing to contamination with covalent 
chloro-compounds), After the filtered solution had been evaporated under reduced pressure, 
water (30 c.c.) was added and the mixture was re-evaporated. The residue was subjected to 
counter-current distribution in solvent system Bb (20 « 15 .c. of upper phase and 13 x 10 c.c. 
of lower phase). Examination of the fractions by paper chromatography (same solvent) 
showed that the upper phases 5—-20 contained only one amino-acid (Ry 0-6), These phases were 
combined and evaporated; recrystallisation of the residue from methanol furnished 10-amino- 
decanoic acid, m. p. and mixed m. p. 183--186° (Found: C, 63-7; H, 11-5; N, 7-6; C-Me, nil. 
Calc. for C,gH,,O,N : C, 64-1; H, 11-3; N, 7-5%). The infrared spectrum was also identical 
with that of an authentic sample (prepared by hydrogenation of 9-cyanononanoic acid); the 
two samples gave identical spots on paper chromatograms in both solvent systems A(Jty 0-9) 
and B, 

Reduction-H ydrolysis of Octahydrodethiogriseoviridin Diacetate.-Zine wool (20 g.) was shaken 
for 7 min, with mercuric chloride (3 g.) in 0-5n-hydrochloric acid (100 ¢.c.) and washed three 
times with water. The diacetate (3-0 g.) was dissolved in concentrated hydrochloric acid 
(75c.c.) and added to the zinc under water (75c.c.). After the solution had been refluxed for 3hr., 
more amalgamated zinc (5 g.) was added, and the mixture refluxed for a further 3 hr, The 
remaining zinc was removed and washed with water (250 c.c.), the combined filtrates being 
applied to Amberlite resin IR 120 (H), The column was washed with 0-5n-hydrochloric acid 
(100 c.c.) and water (259 c.c.); zine salts and most of the alanine were not retained on the 
column under these conditions, Elution with 3n-ammonia solution and evaporation afforded a 
gum which was subjected to counter-current distribution in solvent system A (13 x 10 c.c. 
lower phase and 24 x 15 c.c. upper phase). The fractions were examined by paper chrom- 
atography with the same solvent system; the butanol fractions 16--20 contained only a 
component, Ry 0-6. Evaporation of these fractions and recrystallisation of the residue from 
ethanol gave 10-amino-x-hydroxydecanoic acid a8 prisms, m, p. 189-191" (Found: C, 58-8; H, 
10-6; N, 66. Cy 9H,,O,N requires C, 59-1; H, 10-4; N,6-9%). In paper chromatograms with 
solvent system B, the acid had Ry, 0-3 but counter-current distribution in this medium did not 
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give an efficient separation. The compound did not undergo hydrogenation in acetic acid in 
the presence of platinum. The optical rotation of the sample was too small to be determined 
on the material available, 

Reaction of Griseovividin with Perchloric Acid (with D. D. Evans).—A filtered solution of 
griseoviridin (1-0 g.) in boiling dioxan (50 c.c.) was cooled to room temperature, and perchloric 
acid (0-7 c.c.; 72%) was added; separation of an oil soon began. After addition of dioxan 
(50 c.c.), the mixture was left overnight; the crystalline yellow mass was filtered off and washed 
with a little dioxan. Most of the solid dissolved on being boiled with methanol (160 c.c.), and 
the filtered solution was concentrated to ca, 60 c.c. Long needles of a perchlorate slowly 
separated at 0°; it decomposed rapidly at ca, 200° without melting (Found; C, 46-0; H, 48; 
N, 7-0; Cl, 69. CygHyyO,N,S,HCIO, requires C, 45-6; H, 5-1; N, 7-2; Cl, 656%). Ultra- 
violet absorption spectra; in water, A», 214 my (ec, 28,200); at pH 6-8, Ags, 218 and 270 mu 
(ec, 25,700 and 21,200); and in 0-ln-sodium hydroxide, 2,,,, 223 and 271 my (e, 27,600 and 
20,100). The infrared spectrum (KBr disc) showed maxima at 3540, 3470, 3320, 3090, 3000, 
2010, 2355, 20156, 1715, 1660, 1612, 1579, and 1510 cm.", 

Hydrolysis of the Perchlorate (with A. J. Durrt),—The perchlorate was hydrolysed by boiling 
6n-hydro Riorie acid during 12hr, After evaporation of the hydrolysate under reduced pressure, 
the residue was dissolved in water and aliquot portions used to estimate nitrogen present as 
ammonium salt and as «amino-acid (Found: N (as NH,), 1-82; N (as a-amino-acid), 1-99. 
Cogll gg, N,5, HCIO, requires N, 240% per group). As in the case of griseoviridin tar formation 
occurred during hydrolysis, 


We are indebted to Miss E, M, Tanner for spectroscopic data and potentiometric titrations 
and to Mr. A, J, Durré for the microanalyses, 


RESEARCH DEPARTMENT, 
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Aryl and Alkyl Derivatives of 1-Aminoindane. 


By J. A. Barttrop, R. M. Acneson, P. G. Paitrorr, K. E. MAcPuee, 
and J. S. Huwr. 


A number of aryl and alkyl derivatives of l-aminoindane have been 
synthesised by the routes shown in the flow-sheet; pharmacological tests are 
briefly recorded, The cyclisation of $-p-methoxyphenyl]-$-phenylpropionic 
acid has been shown to lead to 3-p-methoxyphenylindan-l-one (XVII), and 
not 6-methoxy-3-phenylindan-l-one (XVIII) as suggested by Pfeiffer and 


Koos." 


THe reasoning which led us to synthesise phenylindanylamines for pharmacological testing 
was developed from the following considerations : (i) aminoindanes had been shown * to 
be pharmacologically active; (ii) the diphenylmethyl grouping is an essential feature of a 
number of pharmacologically active compounds, ¢.g., amidone (IX), trasentin, benadryl, 
and Hoechst 10166 (see Adamson %); (iii) the amino-3-phenylindanes (III; R! = R* = H, 
<? «. Ph), while combining the structural features mentioned in (i) and (ii), are ring-closed 
modifications of the amidone (LX) molecule. 

1-Dimethylamino-3-phenylindane was found to be a potent analgesic when tested in 
rats. In subsequent clinical trials, it was no better than codeine, and sometimes induced 
untoward gastrointestinal effects. It therefore became important to synthesise modific- 
ations in the hope that the analgesic activity could be increased relatively tg the tendency 
to produce side-effects. Some of these modifications have already been described in 


* Part IIL, J., 1966, 706. 

* Pfeifer and Roos, J. prakt. Chem., 1941, 159, 13. 

* Bry, 2. exp. Path., 1914, 16, 186; von Braun ef al., Ber., 1916, 49, 2642; 1917, 50, 56; Levin, 
Graham, and Kolloff, J. Org. Chem., 1944, 9, 380; Hofmann and Schellenberg, Helv. Chim. Acta, 1944, 
27, 1782 

* Adamson, J., 1049, S 144, 
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Parts I and II of this series. This paper is primarily concerned with the parent 1-dimethyl- 
amino-3-phenylindane and related alkyl- and aryl-indanes. 

3-Phenylindan-1-one (I; R* = R* = H, R* = Ph), conveniently prepared * by condens- 
ing benzene and cinnamic acid, was subjected to the Ingersoll ® modification of the 
Leuckart * reaction. It was found that at the minimum temperature necessary for reaction, 
extensive charring of the ketone occurred and the yield of the amine (I1; R! = R® « H, 
R? = Ph) was only 22%. Hydrogenation of the oxime, under precisely defined conditions, 
afforded this amine in 85% yield and thus the substance became readily available in 
quantity. 

Methylation of the primary amine with formic acid and formaldehyde gave 1-dimethyl- 
amino-3-phenylindane (III; R = Me, R! = R? = H, R* = Ph), but the 1-methylamino- 
derivative (V; R = Me) could only be prepared through the benzylidene derivative (IV), 
by treatment with methyl sulphate and then hydrolysis. Reduction of the imine (IV) gave 
1-benzylamino-3-phenylindane (V; R= Ph-CH,). 1-Diethylamino-3-phenylindane (III; 
R = Et, R' = R® = H, R* = Ph) which was also required for pharmacological testing, 
was obtained in only 27% yield by alkylating the primary amine with ethyl iodide, and 
this result emphasised the fact that the primary amine was not a very suitable intermediate 
for the preparation of the substituted bases. At this point, the second route to compounds 
of this series was devised, 


| Leuckart 
° 


(lV) 
dite 


Route B “CH 
2 

OO > mn 

Coke 


(VI) (VII) (1X) 


Route ¢ = 
Ou 
47™ 


HO Me 
(VIN) (X) 


3-Phenylindan-l-ol (VI; R! = R? « H, R®? = Ph), obtained in 95%, yield by reducing 
the ketone (I; R! — R® = H, R* < Ph) with lithium aluminium hydride, was converted 
quantitatively into the bromide (VII; R? = R* = H, R* « Ph) by hydrogen bromide in 


* (a) Pfeiffer and de Waal, Annalen, 1935, 5620, 185; (b) Koelsch, Hochmann, and Le Claire, J 
Amer. Chem. Soc., 1943, 65, 59. 

* Ingersoll, /. Amer. Chem. Soc., 1936, 68, 1808. 

* Leuckart and Janssen, Ber., 1889, 22, 1409. 
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benzene. Condensation with the appropriate amines now gave |-diethylamino-3-phenyl- 
indane in 45%, yield, and 1-dimethylamino-3-phenylindane, identical with specimens 
«btained by Route A. 

since many of the most potent analgesics have, gamma to the nitrogen atom, a 
quaternary carbon atom which is lacking in the above compounds, it was felt to be worth- 
while linking alkyl groups to Cy of the phenylindanylamine system. 

The first compounds selected for investigation were of the type (IIL; R! =< H, R® = Ph, 
Kk? = Me). The 3-methyl-3-phenylindan-l-one (I; R! = H, R? = Ph, R* = Me) required 
as a starting material was prepared ™ by condensing a mixture of $-chlorocrotonic and 
#-chloroisocrotonic acid (modified preparation) with benzene to give (6-diphenylbutyric 
acid, which was then cyclised. Very variable yields were encountered in the preparation of 
the #@-diphenylbutyric acid and on occasion as much as 50°, of @-phenylbutyric acid was 
obtained as by product, showing that, during the reaction, a proton rather than a pheny] 
group is attached to the 6-position. Hydrogen transfers of this type appear to be a general 
feature of such reactions,” 

An alternative route to the diphenylbutyric acid was sought in the reaction sequence : 


(XI) CPhjMe-COMe —®  CPhyMe-CO-CH)X —> — CPh,Me-CHyCO,Me (XII) 


Ihe readily available 3: 3-diphenylbutan-2-one * (XI) was both chlorinated and 
brominated, and then treated with sodium methoxide in order to effect rearrangement to 
the ester ® (XII), but no product was isolated. 

rhe ketone (I; R? H, K* « Ph, R*® = Me) was converted into 3-dimethylamino-1- 
methyl-I-phenylindane hydrochloride (as II1; R = R* = Me, R! = H, R* = Ph) via 
route A and also reduced with lithium aluminium hydride, giving apparently a mixture of 
cis- and trans-forms of the alcohol (VI; R! =< H, R*? = Ph, R® = Me). One of these forms 
was obtained pure, but reaction with hydrogen bromide and then with dimethylamine gave 
two isomeric (presumably cis and trans) modifications of the amine (III; R = R* = Me, 
Kk! . H, R® — Ph), one of which was identical with the specimen prepared by route A. In 
view of what is now known of the stereochemistry of halide ion-alkyl halide exchange 
reactions and of the stereochemistry of carbonium ions, this result is not unexpected, The 
diethylamino- and morpholino-derivatives of (II1; R! <= H, R* = Ph, R® = Me) were also 
prepared by route B. 

As a result of other investigations, yet another route to 3-dimethylamino-1-methyl-1- 
phenylindane was devised. The alcohol }® (X), cyclised with 85°, sulphuric acid, gave a 
product shown to be l-methyl-l-phenylindane (VIII; R! = H, R*® = Ph, R® = Me) and 
not the isomeric 1: 2: 3: 4-tetrahydro-2-phenylnaphthalene, because of the identity of its 
infrared spectrum with that of an authentic specimen of the indane synthesised by 
Clemmensen reduction of 3-methyl-3-phenylindan-l-one. Bromination of the hydro- 
carbon, followed by treatment with dimethylamine, gave 3-dimethylamino-1-methyl-1- 
phenylindane (IIL; R = R3 « Me, R! = H, R* = Ph) identical with one of the isomers 
described above. This observation affords further evidence for the formulation of the 
cyclised hydrocarbon as an indane. 

Methylmagnesium iodide and 3-phenylindan-l-one gave the alcohol (XIII) from which 
was obtained, through the bromide, 1-dimethylamino-l-methyl-3-phenylindane (XIV) 
accompanied by large amounts of 1-methyl-3-phenylindene. 

Cyclisation of a-methyl-$-diphenylpropionic acid gave 2-methyl-3-phenylindan-1l-one 
(I; RK? = Me, R® « Ph, R® « H), from which 1-dimethylamino-2-methyi-3-phenylindane 
(IIL; Ro = R* = Me, R® « Ph, R® = H) was obtained by route B. 

l'wo phenylindanylamines bearing methoxyl substituents were also synthesised. §-m- 
Methoxyphenyl-§-phenylpropionic acid, prepared from m-methoxycinnamic acid and 


’ Blum-Bergmann, ]., 1938, 725 

* Ramart-Lucas and Salmon-Legagneur, Bull. Soc. chim. France, 1929, 45, 718; Sisido and Nozaki, 
/. Amer. Chem. Soc., 1948, 70, 776 

* Cf. McPhee and Klingsberg, /. Amer. Chem. Soc., 1944, 66, 1132 

'® Stoermer and Kootz, Ber., 1928, 61, 2330 
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benzene in the presence of aluminium chloride, was cyclised with polyphosphoric acid to 
5-methoxy-3-phenylindan-l-one (XV). The formulation of this compound as the 5- 
methoxy- rather than the 7-methoxy-derivative follows by analogy with many examples 


Me NMe, 


Me OH oO 
al 
Ph Ph MeO. Ph 


(X11) (XIV) (XV) 


in the literature, and in particular from the formation ™ of 5-methoxyindan-l-one from 
§-m-methoxyphenylpropionic acid. The transformation of this ketone into 1-dimethyl- 
amino-5-methoxy-3-phenylindane (XVI) was effected through the indanol and the corre- 
sponding bromide. 


re) re) 
NMe, NMe, 
MeO 
MeO Ph C4Ha-OMe Ph CyH,y: OMe 


(XVI) (XVII) (XVIII) (XIX) 


The other isomer (XIX) was prepared from 6-p-methoxypheny|-6-phenylpropionic acid. 
Cyclisation gave a ketone to which Pfeiffer and Roos! ascribed the structure (XVIII). 
This seemed improbable since the inductive effect of the methoxy! group would be expected 
‘ to deactivate the position meta with respect to it, by comparison with an unsubstituted 
benzene ring. We were therefore of the opinion that the indanone had the structure 
(XVII) and proved the point by oxidative degradation to 2-p-methoxybenzoylbenzoic acid. 


The indanone was converted into 1-dimethylamino-3-p-methoxyphenylindane (XLX), 
by route B. 

An attempt to prepare the diphenylacenaphthenylamines (XX; R = NR,) failed 
(a) because it was found to be impossible to prepare the oxime of 2: 2-diphenylace- 
naphthenone (XXI) which was required for reduction, and (+) because 2 : 2-diphenyl- 
acenaphthen-l-ol (XX; R = OH), prepared from the ketone (XX1) by reduction with 
lithium aluminium hydride, on attempted conversion into the bromide for reaction with 
dimethylamine, underwent a Wagner-Meerwein rearrangement with the formation of 
1 ; 2-diphenylacenaphthylene (XXII). 


(XX) (XXI) (XXII) (XXII) 


3-Methylindan-l-one ® (I; R! = R* — H, R*® = Me) was converted by route B into 
1-dimethylamino-3-methylindane (II]; R = R® < Me, R! = R* — H) and 1-methyl-3- 
morpholinoindane (III; R! = R® « H, R* = Me, NR, = morpholino), 3-Ethylindan-] 
one (I; R? — R* =< H, R* = Et) was prepared according to the scheme : 
Ph-COEt —— HO-CPhEt-CH,-CO,-Et ———m CPhEt:CH-CO,R ——-t CHPhEt-CH,’CO,R 
(XXIV) (X.XV) (XXVI) 


A Reformatsky reaction between ethyl bromoacetate and propiophenone gave ethyl 6 
hydroxy-$-phenylvalerate (XXIV) which was dehydrated to the pentenoic ester (XXV; 


1! Von Auwers and Hillinger, Ber., 1916, 49, 2410. 
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K == Et) and then hydrogenated and hydrolysed to ¢-phenylvaleric acid (XXVI; R = H). 
Cyclisation of the corresponding acid chloride gave only a 20%, yield of 3-ethylindan-1l-one, 
whilst use of polyphosphoric acid #* gave a 91%, yield. The superiority of polyphosphoric 
acid as a cyclising agent seems to hold generally throughout this series. The 3-ethyl- 
indanone was converted by route B into the tertiary amines (III; R! = R* = H, R* = Et, 
K = Me and NR, = morpholino). 

By similar methods, eyelohexyl phenyl ketone was converted into 3-cyclohexylindan-1- 
one and thence into 1-dimethylamino-3-cyclohexylindane (III; R! < R*® < H, R? = cyclo- 
hexyl, K = Me). Similarly prepared were 2: 3-dimethyl- and 2 : 3-diethyl-indan-l-one 
and hence the bases (II1; R «= R# R? = Me, R* <= H, and R = Me, R! = R? = Et, 
R® == H). 

3-Dimethylamino-1: 1-dimethylindane (III; R = R? = R?=Me, R! =H was 
synthesised by route C, by converting | : 1-dimethylindane into the 3-bromo-derivative and 
condensing this with dimethylamine. When 1: 1 : 2-trimethylindane was subjected to the 
same procedure, the small quantity of basic material isolated still contained a bromine atom 
and probably possesses the structure (XX VII). We visualise this substance as arising from 
the bromotrimethylindane by the annexed reaction sequence. This formulation is 


NMe, 


f Br Br Br 
Me Me Me Me 
> > > 
_ Ae Me Me Me 
Me Me Me Me 


(XXVIII) 


supported by the isolation from the reaction mixture of a neutral unsaturated fraction, 
which apparently consisted largely of trimethylindene since on hydrogenation it afforded 


the initial trimethylindane. 

tenzene was added to mesityl oxide by Hoffman’s method ™ to give 4-methyl-4-pheny]- 
pentan-2-one, which was reduced to the alcohol with lithium aluminium hydride and 
cyclised to 1: 1: 3-trimethylindane. Bromination followed by treatment with dimethy]l- 
amine gave a small yield of brominated base, which, from the considerations advanced 
previously, probably possesses the structure (XXIII). A large amount of 1: 3: 3-tri- 
methylindene was formed at the same time. 

Ihrough the courtesy of Dr. G. E. Ullyot, these compounds were examined pharma- 
cologically by Smith, Kline, and French Laboratories, Philadelphia, U.S.A., with the 
results shown in Table 1. 

TABLE 1. 
Analgesia in Anticonvulsant Hypotensive 
rats (d'Amour Antihist- activity (Metr activity (in Anti 
Substituents in Smith aminic azole treatment anaesthetised spasmodic 
3-phenylindane method) activity * in mice) cats and dogs) activity ¢ 
Armin ; eee . } 
Dimethylamino-~  .....cccceeeeee }+¢@ slight 
Dieth ylamino » 
Dimeth ylamino-2-meth yl 
isomer A).. ededadboonsveses { 
- ne (isomer B) + ° 
Amino-3-methyl .... 
Dimethylamino-1-methyl 
l-phenylindane showed no analgesic activity 
* Doses of 10 mg./kg., orally or intraperitoneally, produced complete analgesia. * Activity less 
than that of codeine, ‘ Tested against experimental asthma induced in guinea pigs by aerosolised 
histamine. 4 Tested against histamine-induced spasm in guinea-pig intestine 

It is interesting that none of the compounds having a quarternary carbon atom was active anal 
gesically The alkylindanes lacking a phenyl! substituent showed no significant pharmacological 
activity, with the exception of l-methyl-3-morpholinoindane which possessed some anticonvulsant 
and muscle-relaxant properties and prolonged the duration of evipal anasthesia 


1# Gilmore and Horton, /, Amer. Chem. Soc., 1951, 73, 1411 
1 Hoffman, ibid., 1929, 81, 2542 


(1956) Potential Pharmacological Interest. Part IV. 


EXPERIMENTAL 


1-A mino-3-phenylindane.—(A) 3-Phenylindan-l-one (4-2 g.) and ammonium formate (3-8 g.) 
were heated in an oil-bath at 170—180° for 3 hr. When cold, the black solid was washed with 
water to remove all but unchanged ketone and substituted formamide, The residue was boiled 
with concentrated hydrochloric acid for 2 hr, and the solution diluted and filtered. On evapor- 
ation, colourless needles of l-amino-3-phenylindane hydrochloride (1 g., 22%) were obtained. 
Recrystallisation from wet dioxan gave needles, m. p. 225° (decomp.), identical with other 
specimens described below. 

(B) A solution of 1-hydroxyimino-3-phenylindane (4:3 g.) in ethanol (100 c.c.), saturated 
with ammonia, was hydrogenated at 100 atm. and room temperature, in the presence of freshly 
prepared Raney nickel (0-5 g.). When two mols. of hydrogen had been taken up (4 hr.) the 
solution was filtered and evaporated in vacuo, and the residual oil taken up in ether, dried, and 
treated with dry hydrogen chloride. 1-Amino-3-phenylindane hydrochloride (4 g., 84°7%) was 
precipitated and collected. Two recrystallisations from wet dioxan gave needles, m, p. 225° 
(decomp.) (Found: C, 72-4; H, 6-6; N, 5-4; Cl, 13-6. C,,H,,N,HCl requires C, 73-3; H, 6-6; 
N, 5-7; Cl, 145%). 

When the same catalyst, and the conditions suggested by Paul," i.¢., 85°/64 atm., were used 
with no ammonia present, the yield dropped to 36%, and the solution after reduction smelt 
strongly of ammonia. 

1-Dimethylamino-3-phenylindane,—-1-Amino-3-phenylindane hydrochloride (3-3 g.) was 
converted into the free base and heated on the steam-bath with formic acid (2 g.) and 40% 
aqueous formaldehyde (3 c.c.). When carbon dioxide evolution had ceased (24 hr.), the mixture 
was boiled under reflux for 5 min., cooled, basified with potassium hydroxide solution, and 
extracted with ether. The residue from the dried extracts was dissolved in dilute hydrochloric 
acid and treated with nitrous acid to destroy any primary or secondary amines, The solution 
was washed with ether, basified, and extracted with ether, On passage of dry hydrogen 
chloride through the cooled dried extracts, an orange gum was precipitated which was dried 
in vacuo over sodium hydroxide. 1-Dimethylamino-3-phenylindane hydrochloride (3-0 g., 81%), 
after two recrystallisations from ethanol, yielded rhombs, m. p. 190° (Found: C, 742; H, 
75; N, 49. C,,H,,N,HCI requires C, 74-6; H, 7:3; N, 51%). The compound is identical 
with that described in Table 3. 

1-Benzylideneamino-3-phenylindane.—1-Amino-3-phenylindane (3 g.) and benzaldehyde 
(1-53 g.) were heated at 100°/150 mm. A little benzaldehyde distilled over in the steam but 
this was separated from the water and replaced. The product, a brown gum, was dried 
in vacuo and triturated with ligroin. 1-Benzylideneamino-3-phenylindane (4 g., 93%), after 
three recrystallisations from ligroin, was obtained as a cream-coloured solid, m. p. 95-5-——-96-5° 
(Found : C, 88-45; H, 6-35; N, 4-5. C,,H,,N requires C, 88:9; H, 6-4; N, 47%). 

1-Methylamino-3-phenylindane.—Dimethyl sulphate (2 g.) and _ 1-benzylideneamino-3- 
phenylindane (4 g.) were boiled in dry toluene (40 c.c.) for 14 hr., during which considerable 
darkening occurred, On cooling, a heavy dark oil separated which was washed with dry 
toluene and then warmed with water (20 c.c.) to decompose the anil. After being washed with 
ether, the aqueous solution was basified and extracted with ether, and the extracts were dried. 
1-Methylamino-3-phenylindane hydrochloride (2 g., 58°%,) was precipitated by dry hydrogen 
chloride as ared gum. Two recrystallisations from ethyl acetate-ethanol yielded needles, m, p 
230° (Found: C, 73-9; H, 7-1; N, 5-3. C,,H,,N,HCI requires C, 74-0; H, 69; N, 64%). 

1-Benzylamino-3-phenylindane.—A solution of 1-benzylideneamino-3-phenylindane (7-2 g.) 
in ethanol (100 c.c.) was hydrogenated, at 1 atm. and room temperature, over Adams catalyst 
(0-32 g.). The reaction was complete in 1 hr. The solution was filtered and evaporated in 
vacuo, and the residual gum dissolved in dry ether. 1-Benzylamino-3-phenylindane hydro- 
chloride (7-0 g. 86%) was precipitated by dry hydrogen chloride as a sticky white solid, which 
was collected and dried in vacuo over sodium hydroxide, Crystallisation from ethyl acetate- 
ethanol yielded needles, m, p. 206-5—-207-56° (Found: C, 781; H, 66; N, 42. C,,H,,N,HCI 
requires C, 78-7; H, 6-6; N, 4:2%). 

1-Diethylamino-3-phenylindane.—1-Amino-3-phenylindane hydrochloride (3-3 g.) was con 
verted into the free base (2-8 g.), dissolved in dry acetone (40 c.c.), and refluxed with stirring for 
5 hr. with ethyl iodide (8 g.) and anhydrous potassium carbonate (4g.). The cooled solution was 
filtered and washed with a little dry acetone, and the combined filtrates were evaporated. The 
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residual oil was taken up in dry ether, filtered, and treated with ethereal hydrogen chloride. 
The precipitated hydrochloride was dissolved in dilute hydrochloric acid, filtered, cooled to 0°, 
and treated with a cold solution of sodium nitrite. The solution was washed with ether and 
basified, The liberated tertiary amine was isolated with ether and converted into the hydro- 
chloride, Crystallisation from ethyl acetate-ethanol gave 1-diethylamino-3-phenylindane hydro- 
chloride (1-1 g., 27%) a% rhombs, m. p. 181-~-183° (Found: C, 75-1; H, 8-0; N, 45; Cl, 11-7. 
CigHyN, HCl requires C, 75-6; H, 80; N, 46; Cl, 118%). The compound is identical with 
that described in Table 3. 

6-Chlorocrotonic and %-Chlovoisocrotonic Acid.-—Acetoacetic ester (270 g.) was added dropwise 
to phosphorus pentachloride (830 g.) in a water-cooled flask during 3-4 hr. The mixture was 
set aside at room temperature for 1 hr, with occasional shaking. The flask was gently 
warmed to 60-——64° until gas evolution ceased (1-2 hr.), cooled, and the red liquid was stirred 
dropwise into ice and water (6 1), The red aqueous solution was extracted with benzene, 
The benzene extracts were filtered and extracted with concentrated sodium carbonate solution. 
The aqueous extract was filtered and acidified with concentrated hydrochloric acid, and 
the crystals which separated were collected and repeatedly extracted with hot water to 
separate the product from tar. The combined filtrates were extracted with ether and dried 
(MgSO,). Evaporation of the ether gave a mixture of 6-chlorocrotonic and $-chloroisocrotonic 
acid (120 g., 48%), a8 pale yellow needles, The product was considered sufficiently pure for the 
next preparation 

60-Diphenylbutyric Acid.—The above $-chloro-acids (50 g.) were condensed with benzene 
(550 c.c.) in the presence of aluminium chloride (180 g.), essentially as described by Koelsch, 
Hochmann, and Le Claire.” Distillation gave 66-diphenylbutyric acid (46 g., 46%) as a honey- 
coloured oil, b, p, 160-—190°/0-26 mm., which solidified. A specimen recrystallised from 
aqueous ethanol formed needles, m, p. 101° (lit., 102--103°),  6-Phenylbutyric acid (18 g,, 26%) 
was recovered in the fore-run as a pale, yellow oil, b. p, 118-—-128°/0-22 mm, A specimen 
crystallised from ligroin in rhombs, m. p, 46—47° (lit., 47°) [amide, m. p, 105—107° (lit., m. p. 
106-—107°)) 

3-Amino-l-methyl-1-phenylindane.-To a stirred solution of 3-hydroxyimino-l-methyl-l- . 
phenylindane ” (6 g.) in a mixture of methanol (150 c.c.) and ethanol (135 c.c,) was added 3% 
sodium amalgam (150 g.) in small lumps during 1} hr. The liquid was kept acid by addition of 
30% acetic acid (70 c.c.), The solution was decanted from the mercury, the alcohol distilled 
under reduced pressure, and the residue boiled with water and filtered while hot. The cooled 
filtrate was basified, and the liberated amine was isolated with ether and converted into the 
hydrochloride. 3-Amino-l-methyl-l-phenylindane hydrochloride (3-565 g., 64:7%) crystallised 
from wet dioxan in irregular plates, m, p. 260° (Found: C, 73-6; H, 69; N, 5-3; Cl, 141. 
Cy gH ,,N,HCl requires C, 74-0; H, 69; N, 5-4; Cl, 13-7%). 

1-Methyl-1-phenylindane.—(A) 2: 4-Diphenylbutan-2-ol ® (12 g.) was added during 30 min. 
to stirred 85%, sulphuric acid (25 c.c.), the temperature being kept at 810°, Stirring was 
continued for a further hour at room temperature, The sticky mixture was extracted with 
olefin-free ligroin (3 x 50 ¢.c.), and the combined ligroin extracts were washed with con- 
centrated sulphuric acid until the washings were colourless, and then with water, 5% sodium 
hydrogen carbonate solution, and water, and dried (MgSO,). Distillation gave 1-methyl-1 
phenylindane (3 g., 27%), b. p. 145-—-150°/12 mm., nv 1-5848 (Found: C, 92-5; H, 7-7. Cyglly, 
requires C, 92:3; H, 7:7%). 

(B) Zinc turnings (50 g.) were amalgamated with a 5%, solution of mercuric chloride (100 c.c,), 
treated with 3-methyl-3-phenylindan-l-one (5 g.) in glacial acetic acid (125 c.c.), and boiled 
under reflux, Concentrated hydrochloric acid (150 c.c.) was added dropwise during 2 hr. The 
cooled mixture was extracted with ligroin (3 x 30 ¢.c.) and the combined ligroin extracts were 
washed with water, 5% sodium hydrogen carbonate solution, and water and dried (MgSO,). 
Distillation gave 1-methyl-1-phenylindane (3-8 g.), b. p. 145°/12 mm., n? 1-5850. Kuhn-Roth 
determination under standard conditions gave no evidence of C-methyl. The infrared 
absorption suggested the presence of a C-methyl group and was identical with that of the hydro- 
carbon obtained from the cyclisation of 2: 4-diphenylbutan-2-ol 

3-Dimethylamino-\-methyl-1-phenylindane.—({A) 3-Amino-l-methyl-l-phenylindane hydro 
chloride (3-5 g.) in aqueous solution was converted into the free base and heated on the steam- 
bath with formic acid (99-—-100%; 2 g.) and 40% aqueous formaldehyde (3 c.c,). When 
evolution of carbon dioxide had ceased (3 br.), the solution was finally refluxed for 5 min., cooled, 
and basified. The white precipitate was isolated with ether and dissolved in dilute hydrochloric 
acid, The ice-cooled acid solution was treated with a solution of sodium nitrite. After being 
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washed with wether, the aqueous solution was basified and the liberated tertiary amine 
was isolated with ether and converted into a gummy hydrochloride. Two recrystallisations 
from ethanol gave 3-dimethylamino-|-methyl-l-phenylindane hydrochloride (2-5 g., 645%) in 
rhombs, m. p. 229-—236° (Found: C, 74-8; H, 7-6; N, 46; Cl, 12:1. Cy,H,,N,HCl requires 
C, 75:1; H, 7:7; N, 49; Cl, 12-3%). 

(B) Bromine (3-22 g.) in carbon tetrachloride (15 c.c.) was added to I-methyl-1-phenyl- 
indane (4-2 g.) in ice-cold carbon tetrachloride (30 ¢.c.). When the colour was discharged (in a 
few minutes), the solvent was removed under reduced pressure and the residual oil dissolved in 
dry dioxan (20 c.c.) and allowed to react with anhydrous dimethylamine (5 g.) in a pressure 
bottle. Reaction was allowed to proceed for 24 hr. at room temperature and then at 50° for a 
further 2hr. After working up as described above, 3-dimethylamino-1-methyl!-l-phenylindane 
hydrochloride (2 g.) was obtained from ethyl acetate-ethanol in colourless needles, m. p. 230° 
alone and when mixed with hydrochlorides of the same m. p. deseribed above and in Table 3 
(Found; C, 75-4; H, 7-9; N,47%). Bromination of the indane was repeated in the presence 
of a trace of benzoyl peroxide, and the bromide condensed with dimethylamine in the above 
manner, Only the amine hydrochloride, m, p. 230°, was isolated, 

1-Methyl-3-phenylindan-1-ol,--The Grignard reagent prepared from magnesium (1-3 g.) and 
methyl iodide (7-5 g.) was treated with a solution of 3-phenylindan-l-one (10-8 g.) in ether 
(50 c.c.) and heated under refiux for 1 hr. The solution was cooled and treated with saturated 
ammonium chloride solution. The ether layer was separated and the aqueous layer extracted 
with ether (3 x 30 c.c.). The combined ether extracts were washed with water, sodium 
hydrogen carbonate solution, and water and dried (MgSO,). The solvent was removed and the 
residual oil triturated with ligroin till it was solid. 1-Methyl-3-phenylindan-l-ol (6-5 g.) 
crystallised from ligroin in rhombs, m. p. 84—85° (Found: C, 854; H, 69, CyglH yO requires 
C, 85-7; H, 7-1%). 

2-Methyl-3-phenylindan-1\-one.—a-Methyl]-66-diphenylpropionic acid (9 g.) and thionyl 
chloride (9 c.c.) were heated together under reflux for 1 hr. The excess of thionyl chloride was 
removed under reduced pressure and the residual oil was dissolved in dry benzene (100 ¢.c,) and 
chilled in an ice-bath. Powdered anhydrous aluminium chloride (6 g.) was added during 
30 min. and the mixture was left for 12 hr. at room temperature. The complex was decomposed 
with ice and concentrated hydrochloric acid, and the benzene layer separated, washed with 
water, sodium hydrogen carbonate solution (no acid was recovered), and water, and then 
concentrated. The residual oil was distilled, to give 2-methyl-3-phenylindan-l-one (7-1 g.), a 
pale yellow viscous oil, b, p, 140—-145°/1 mm. (Found: C, 864; H, 61, C,,H,,O requires 
C, 86-5; H, 63%). The 2: 4-dinitrophenylhydrazone crystallised from ethanol in brick-red 
plates, m. p. 183°. Burton and Shoppee " give m. p. 179°. 

f-m-Methoryphenyl-f-phenylpropionic Acid.—m-Methoxycinnamic acid (10 g.) was heated 
under reflux for 3) br, in dry benzene (100 c.c.) in the presence of powdered anhydrous 
aluminium chloride (20 g.), The cooled mixture was poured on ice and concentrated hydro- 
chloric acid (40 c.c,), the layers were separated, and the aqueous layer was extracted with 
benzene. The combined benzene solutions were extracted with sodium carbonate solution, 
and $-m-methoxyphenyl-8-phenylpropionic acid was precipitated from the alkaline solution by 
acidification to Congo-red. The acid separated from aqueous acetic acid in crystals, m, p. 98 
99° (10-25 g., 71%) (Found: C, 75-0; H, 63. C,,H,,0, requires C, 75-0; H, 62%). Attempts 
to prepare this acid under milder conditions using the same quantities at 15° or 25° for 4 days 
gave starting material only. 

5-Methoxy-3-phenylindan-1-one.—A slurry of orthophosphoric acid (120 ¢.c.) and phosphoric 
oxide (180 g.) was heated at 100° for 2 hr., to give an almost clear solution, to which was added 
the above diarylpropionic acid (7-5 g.). After being heated at 100° for 2 hr., with occasional! 
swirling, the solution was diluted with ice-water, and the products were isolated with benzene. 
Acid (1-0 g.) was recovered; 5-methoxy-3-phenylindan-l-one (4-0 g., 66%) crystallised from 
ethanol in rods, m. p. 130° (Found: C, 80-4; H, 62. C,,H,,O, requires C, 80-7; H, 59%), 
The dinitrophenylhydrazone crystallised from ethanol in scarlet needles, m. p. 199---200°. 

3-p-Methoxyphenylindan-\-one.—8-p-Methoxypheny]-$-phenylpropionic acid (244 g.) was 
cyclised by using orthophosphoric acid (120 c.c.) and phosphoric oxide (180 g.) as for analogous 
reactions above. The product was worked up as before and distilled, to give 3-p methoxy- 
phenylindan-1-one (4-55 g., 20%), b. p. 150-—155°/0-1 mm., which slowly crystallised. Recrystal- 
lisation from aqueous methanol gave material, m. p. 73° (Pfeiffer and Roos* give m. p. 59°) 
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(Found: C, 80-4; H, 60. C,,H,,O, requires C, 80-7; H, 5-9%). The oxime was obtained as 
fine needles, m. p. 166-—167° (Pfeiffer and Roos! gave a-form, large needles, m. p. 166-5°). The 
dinitrophenylhydrazone crystallised from ethanol in red needles, m. p. 182°. 

Oxidative Degradation of 3-p-Methoxyphenylindan-1-one,.—3-p-Methoxyphenylindan-1l-one 
(0-3 g.), suspended in a solution of potassium permanganate (0-67 g.) and potassium hydroxide 
(0-3 @.) in water (50 c.c.), was heated under reflux for 24 hr. by which time the colour was almost 
discharged. After cooling slightly, the solution was saturated with sulphur dioxide until clear. 
On chilling, a semicrystalline precipitate was obtained, which was extracted with ether. The 
ether solution was extracted with sodium carbonate solution, and acidification of the alkaline 
extracts gave o-(p-methoxybenzoyl) benzoic acid (0-1 g.). Reerystallisation from water gave 
colourless plates, m. p. 143° alone or mixed with a sample prepared by acylation of anisole with 
phthalic anhydride in the presence of aluminium chloride, 

1: 2-Diphenylacenaphthylene.-A solution of 2 : 2-diphenylacenaphthen-1-ol (9 g.) in benzene 
(200 c.c.) was saturated at 0° with hydrogen bromide. The solution rapidly became orange in 
colour and water separated. The benzene solution was washed with water, until the washings 
were neutral to litmus, dried, and distilled under reduced pressure. 1 : 2-Diphenylace- 
naphthylene (7-9 g., $2-3%) was obtained as a red crystalline residue. It recrystallised from 
acetone in red needles, m. p. 162-—163° (lit., 161-—163”), 

Reduction of Indanones by Lithium Aluminium Hydride (see Table 2).—The ketones in 10— 
20 vols, of ether were boiled for 2 hr. with ethereal lithium aluminium hydride (30-—50% excess). 
After treatment with dilute acid, the ether layers were washed with water or sodium hydrogen 
carbonate solution until neutral, dried, and evaporated, The residual alcohols were triturated 
with ligroin, if necessary, to effect crystallisation. The indanols, so prepared, all of which are 
new, are listed in Table 2. 


TABLE 2. Indan-1-ols. 


Yield Crystal Found (%) Reqd. (%) 

Alcohol (%) form Solvent M. p. Formula Cc H Cc H 
3-Pheny! ¢ 95 Needles Aq. EtOH 945-—-05° C,,H,O 862 69 857 66 
3-Methyl-3-phenyl ¢ 45 Needles’ EtOH 125 CyH,O 860 Fl B57 71 
2-Methy!-3-phenyl 86 §©Rods Ligroin 123 CyH,O 854 71 867 71 
56-Methoxy~-3-phenyl 85 — Aq. MeOH 112 CygH 90, 800 68 800 67 
3-p-Methoxyphenyl 100 Needles  Ligroin * 114 CygH,.O, 801 69 80-0 6-7 
3-Methyl 100 - Aq. MeOH T1—72 CyHy,O 808 B81 810 8&1 
3 Ethyl 100 Needles Ligroin/’ 77—78 C,,H,0 814 88 B15 86 
2; 3-Dimethyl 82 Needles Ligroin 84-85 C,,H,O 81-7 88 815 86 
2: 3-Diethy! 82 Needles  Ligroin 1174 CysH,,0 82:2 93 821 95 
2 ; 2-Diphenylace 88 RKhombs EtOH or 136—138 CyH,O 897 54 894 56 

naphthen-1-ol ¢ C,H, 


* The reaction mixture was not boiled but kept overnight. * Evaporation of the mother-liquor 
gave an almost colourless oil (49-5%) (Found: C, 847; H, 7-2. C,,H,,O requires C, 85-7; H, 7:1%). 
{t was not distilled in order to avoid decomposition and appears to contain the other geometrical 
isomer. © The reaction was performed in benzene-ether, and the mixture was kept overnight at 
room temperature. 4 Sublimes at ca, 100°. ¢ B, p, 60-—-80°, / B. p. 40-—60°. 


Preparation of 1\-Dialkylaminoindanes from Indan-\-ols (see Table 3).—The indanol in 
benzene was saturated with hydrogen bromide at 0°, decanted from the water which separated, 
and washed with water until neutral, then dried and evaporated in vacuo, The residual bromo- 
indane was a pale yellow oil, which, without further purification, was immediately treated with 
excess of secondary amine in dioxan in a pressure-bottle. After the reaction (conditions in 
Table 3), the precipitate of dialkylamine hydrobromide was washed with ether, and the solvent 
was removed from the combined filtrates. The residual oil, in ether, was treated with ethereal 
hydrogen chloride. The aminoindane hydrochloride was precipitated, and was washed with 
ether and dried in vacuo over sodium hydroxide, In the case of the morpholino-derivative, 
morpholine was boiled under reflux with the bromoindane in benzene and the product isolated 
as above 

kthyl &-Hydroxy-$-fhenylvalerate,—-Propiophenone (31-5 g., 1 mol.), ethyl bromoacetate 
(46-7 g., | mol.), zine wool (19-8 g., 1 g.-atom), and dry benzene (200 c.c.) were heated under 
refl..x in the presence of a trace of iodine. After 2 hr. a vigorous reaction set in which was 
complete in 6 hr, The complex was decomposed with 10%, sulphuric acid and washed with 
water and sodium hydrogen carbonate solution, The dried benzene solution on distillation 
gave ethyl §-hydroxy-$-phenylvalerate (38 g., 73%), b. p. 104°/0-5 mm., m. p. 34—35° [from light 
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petroleum (b. p, 40—60°)) (Found: C, 70-1; H, 7-9. CygH,sO, requires C, 70-3; H, 8-1%). 
A further portion was hydrolysed to the acid (m. p. 120-—-121°) with alcoholic potassium 
hydroxide (ound; C, 67-7; H, 7-0. C,,H,,O, requires C, 68-0; H, 7-2%). 

L:thyl 3-Phenylpent-2-enoate.—A solution of ethyl $-hydroxy-$-phenylvalerate (20 g.) in dry 
benzene, boiling under reflux, was treated with phosphoric oxide (30 g.) in portions. After 
3 hr, the benzene layer was decanted and the phosphoric acid washed with benzene. The 
combined benzene solutions were set aside over anhydrous potassium carbonate overnight 
before evaporation under reduced pressure. The residue, on distillation, gave the pentenoate 
(13 ¢., 71%), b. p. 95-—105°/0-1 mm, (lit., b. p. 145°/14mm.). A portion was hydrolysed to the 
acid, plates, m, p. 95-—-96° (Found ; C, 75-25; H,69. Calc. for C,,H,,O0,: C, 75-0; H, 68%). 

(-Phenylvaleric Acid.—The preceding ester (2-0 g.) in ethanol (20 c.c.) was hydrogenated at 
room temperature and pressure in the presence of Adams catalyst (0-15 g.) (1 hr.). The solution 
was filtered and the ester hydrolysed with alcoholic potassium hydroxide (4-0 g.). The resulting 
solution was evaporated under reduced pressure, and the residue was dissolved in water and 
acidified to Congo-red, The precipitated 6-phenylvaleric acid (1-7 g., 97-4%) was collected and 
dried, lKeerystallisation from light petroleum (b. p, 60—80°) gave crystals, m, p. 63° (lit., 
m, p. 66°), 

3-Lthylindan-\-one,--(A) A benzene solution of 6-phenylvaleric acid (9-0 g., 1 mol.) was 
heated under reflux with phosphorus pentachloride (12-0 g., 1-1 mol.) until no more hydrogen 
chloride was evolved, The mixture was cooled, stirred at room temperature, and treated with 
powdered anhydrous aluminium chloride (8 g., 1-1 mol.) in portions with cooling, The mixture 
was stirred for 2 hr, and kept overnight before being poured on ice and concentrated hydro- 
chloric acid (16 ¢.c,), The benzene was separated and the aqueous layer extracted with benzene. 
The combined benzene solutions were washed with sodium hydrogen carbonate solution, dried, 
and evaporated. The residue, on distillation, gave 3-ethylindan-l-one (2-0 g., 25%), b. p. 
116°/10 mm. The semicarbazone was obtained from ethanol as crystals, m. p. 189° (Found; C, 
664; H, 60; N, 191, CyH,,ON, requires C, 66-4; H, 6-9; N, 19-35%); the dinitrophenyl- 
hydrazone had m, p, 197°, 

(B) A slurry of orthophosphoric acid (85%; 240 c.c.) and phosphoric oxide (372 g.) was 
heated at 100° for 2 hr, to give an almost clear solution to which 6-phenylvaleric acid (16 g.) was 
added, An orange solution was obtained and this was heated for 2 hr, at 100° with occasional 
swirling, The solution was cooled and poured on ice and water and extracted with benzene. 
fhe benzene was washed with sodium carbonate solution, dried, and distilled, giving 3-ethyl- 
indan-l-one (13-1 g., 91%). 

kthyl (-cycloHexyl-$-phenylacrylate.—cycloHexy| phenyl ketone” (34-4 g.), ethyl bromo- 
acetate (31 g.), and zine wool (12-5 g.) were allowed to react in benzene (130 c.c.) for 2 hr. and 
worked up as described for the preparation of ethyl 6-hydroxy-$-phenylvalerate. The benzene 
solution of ethyl (-cyclohexyl-6-hydroxy-f-phenylpropionate, so obtained, was immediately 
dehydrated by boiling under reflux with phosphoric oxide (50 g.) added in portions during 1 hr. 
rhe solution, after being heated for a further 2 hr., was cooled and filtered. The solid was washed 
with benzene, and the combined benzene solutions were placed over potassium carbonate and 
later distilled. Ethyl $-cyclohexyl-B-phenylacrylate (27-7 g., 59%,) was collected as an oil, b. p. 
100/02 mm, A portion, hydrolysed to the acid, and crystallised from ligroin, had m, p. 141 
142” (ref, 16 gives m. p. 144-5”), 

6-cycloHexyl-6-phenylpropionic Acid.—An ethanolic solution of ethyl 6-cyclohexyl-8-phenyl- 
acrylate (23-7 g.) was hydrogenated at atmospheric temperature and pressure in the presence of 
2°, palladised strontium carbonate (12-0 g.). The solution was filtered and the ester hydrolysed 
with alcoholic potassium hydroxide. The ethanol was removed under reduced pressure, water 
added, and the solution acidified to Congo-red, to give the propionic acid (17-6 g., 83%). 
Kecrystallisation from light petroleum (b. p. 60—80°) gave crystals, m. p. 98° (ref. 16 gives 
m. p. LOL) 

3 cycloHexylindan-1-one.—(A) A solution of 6-cyclohexyl-§-phenylpropionic acid (5-0 g.) in 
dry benzene (40 ¢.c.) was heated under reflux with phosphorus trichloride (1-5 c.c., 0-77 mol.) 
until no more hydrogen chloride was evolved, The cooled solution was filtered and the 
precipitate washed with dry benzene (10 c.c.). The solution was stirred at 0°, treated with 
powdered anhydrous aluminium chloride (2-88 g., 1 mol.), stirred for 2 hr., poured on ice and 
concentrated hydrochloric acid (6 ¢.c.), and worked up in the usual way, giving 3-cyclohexyl- 
indan-l-one (0-5 g., 108%), b. p. 150°/0-8 mm. Crystallisation from ligroin gave colourless 


** Nenitzescu and Gavat, Ber., 1937, 70, 1886. 
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crystals, m. p. 49° (Found: C, 84-3; H, 8-3. C,,H,,O requires C, 84:1; H, 84%). A scarlet 
dinitrophenylhydrazone, m. p. 199-——200°, was prepared. 

(B) Orthophosphoric acid (40 c.c.), phosphoric oxide (62 g.), and §-cyclohexyl-6-phenyl- 
propionic acid (2-5 g.) were allowed to react as in previous cyclisations; 0-35 g. of acid was 
recovered and 3-cyclohexylindan-l-one (1-6 g., 81% calc. on acid used) was obtained crystalline 
without distillation. 

a-Methyl-8-phenylbutyric Acid.—Ethyl a-methyl-f-phenylerotonate (20 g.) (obtained by 
dehydrating, with phosphoric oxide in boiling benzene, the product from a Keformatsky reaction 
between acetophenone and ethyl 6-bromopropionate) in ethanol (60 c.c.) was converted into 
ethyl a-methyl-8-phenylbutyrate by hydrogenation for 16 hr. over platinum oxide (1:6 g.) at 
atmospheric pressure, The saturated ester was a mobile oil (19 g.), b, p. 128—130°/12 mm. 
(Found: C, 76°56; H, 88. CysH,,O, requires C, 75-7; H, 87%), and on hydrolysis with 
aqueous potassium hydroxide afforded the acid, m. p. 152°. 

2 : 3-Dimethylindan-1-one,—a-Methyl-$-phenylbutyric acid (22:3 g.) was cyclised as 
described for a-methy!]-6$-diphenylpropionic acid with thiony! chloride (22 ml.) in benzene 
(100 ml.) and subsequently aluminium chloride (18-5 g.) was added. Some acid (1-5 g.) was 
recovered and 2: 3-dimethylindan-l-one (16-5 g., 88%), a yellow mobile oil, distilled at 118-—— 
120°/10 mm. The 2: 4-dinitrophenylhydrazone crystallised from ethanol in brick-red needles, 
m. p. 179-—-180° (Found: C, 60-5; H, 4-7. C,,H,,O,N, requires C, 60-0; H, 47%). 

Ethyl a-Ethyl-8-hydroxy-8-phenylvalerate.—A solution of propiophenone (33-5 g.) and ethyl 
a-bromobutyrate (50 g.) in dry benzene (400 c.c.) was boiled under reflux with zinc turnings 
(20 g.) for 10 hr. The mixture was cooled and decomposed with 10% sulphuric acid. The 
benzene layer was separated, washed with water, sodium hydrogen carbonate solution, and 
water, dried, and distilled, giving ethyl a-ethyl-B-hydroxy-6-phenylvalerate (20 g.), b. p, 156 
160°/10 mm. It crystallised from ligroin in needles, m. p. 61-—-62° (Found; C, 71-8; H, 87, 
C1 5H,4,0, requires C, 72-0; H, 88%). Ivanoff " claims to have made this compound, but gives 
no b, p., m. p., or analytical data, 

Ethyl a-Ethyl-B-phenylpent-2-enoate.—Phosphoric oxide was added to a solution of ethyl 
a-ethyl-8-hydroxy-$-phenylvalerate (20 g.) in boiling benzene (200 c.c.) in successive quantities 
during 2 hr., until no further reaction was observed. Working up as described for the other 
acrylates gave ethyl a-ethyl-}-phenylpent-2-enoate (18 g.), b. p. 144—150°/12 mm. (Found: C, 
77-7; H, 86. CysH yO, requires C, 77-6; H, 86%). A sample on hydrolysis afforded the 
acid, b. p. 182°/L mm. (Found; C, 76-6; H, 7-6. Cy,H,,O, requires C, 76-5; H, 7-8%), 

Ethyl a-Ethyl-§-phenylvalerate.—Ethyl a-ethyl-§-phenylpent-2-enoate (18 g.) in ethanol 
(100 c.c.) was hydrogenated for 8 hr. over platinum oxide (0-5 g.) at atmospheric pressure. 
Ethyl a-ethyl-6-phenylvalerate (17 g.) was a mobile oil, b. p. 130-—-136°/12 mm. (Found: C, 76-7; 
H, 9-4. C,,H,,O, requires C, 76-9; H, 94%). Hydrolysis with potassium hydroxide in 50%, 
aqueous ethanol yielded the acid (11 g.), b. p. 120-—-125°/1 mm, (Found; C, 75-6; H, 8-5. 
C,3H,,O, requires C, 75-7; H, 87%). The amide was also an oil. 

2 : 3-Diethylindan-1-one.—a-Ethyl1-$-phenylvaleric acid (10 g.) was cyclised a8 described for 
the corresponding dimethyl compound by thionyl chloride (10 ml.), benzene (100 mil.), and 
aluminium chloride (7-0 g.), and gave 2: 3-diethylindan-l-one (7 g.), b. p. 134--135°/12 mm, 
(Found: ©, 82-8; H, 84. C,,H,,O requires C, 83-0; H, 85%), The 2: 4-dinitrophenyl- 
hydrazone separated from ethanol in brick-red needles, m. p. 161° (Found ; C, 62-0; H, 5-2; N, 
15-0. CygHygO,N, requires C, 62-0; H, 5-4; N, 15-2%) 

3-Dimethylamino-1 : 1-dimethylindane.—Bromine (22 g.) in carbon tetrachloride (50 c¢.c.) was 
added to an ice-cold solution of 1: 1-dimethylindane (20-1 g.) in carbon tetrachloride (30 c.c.). 
When the colour had been discharged, the solvent was removed under reduced pressure and the 
residual oil in dry dioxan (20 c.c.) was treated with anhydrous dimethylamine (15 g.).  3-D1- 
methylamino-1 : 1-dimethylindane hydrochloride (15 g.), isolated in the usual way, crystallised 
from ethyl acetate-ethanol in needles, m. p. 192--193° (Found: C, 689; H, 88; N, 65. 
C,3H,N,HCI requires C, 69-2; H, 8-9; N,6-2%). The methiodide separated from ethyl acetate 
ethanol in colourless needles, m. p. 182—183° (Found: C, 51-1; H, 67; N, 43. CH, NI 
requires C, 50-8; H, 6-6; N, 42%). 

Attempted Preparation of 3-Dimethylamino-1 : 1 : 2-trimethylindane.—Bromine (18-1 g.) in 
carbon tetrachloride (50 c.c.) was added to an ice-cold solution of 1: 1: 2-trimethylindane 
(18-1 g.) in carbon tetrachloride (50 ¢.c.). The discharge of colour took only a few minutes and 
was accompanied by the evolution of some hydrogen bromide, The solvent having been 


17 Ivanov, Bull. Soc. chim. France, 1940, 7, 569. 
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evaporated, the residual oil was allowed to react for 12 hr. at room temperature with dimethyl- 
amine (12-5 g.) in dioxan, Working up in the usual way gave a salt (0-5 g.), probably 2-bromo-3- 
dimethylamino-\ : 1: 2-trimethylindane hydrochloride which crystallised from dioxan in rhombs, 
m. p. 195-—196° (Found: C, 629; H, 66; N, 43; Cl 4+ Br, 36-5. C,,H,)NBr,HCl requires 
C, 628; H, 66; N, 44; Cl + Br, 36-2%). The ethereal solution on distillation yielded a 
colourless oil, b. p. 93°/12 mm. This decolorised potassium permanganate and analysis 
indicated that it was impure 1: 1; 2-trimethylindene (Found; C, 87:9; H, 92. Calc. for 
Cyl: C, O11; H, 89%). A sample was hydrogenated over palladised calcium carbonate 
(with uptake of 1-1 mols, of hydrogen), and the product identified as 1: 1 : 2-trimethylindane, 
b, p. 89°/12 mm., ni? 1-5158. 

Attempted Preparation of 1-Dimethylamino-1 : 3: 3-trimethylindane.—Bromine (9-6 g.) in 
carbon tetrachloride (20 ¢.c.) was added to an ice-cold solution of 1: 1: 3-trimethylindane 
(9-6 @.) in carbon tetrachloride (50 c.c,), Further reaction as in the previous experiment gave, 
probably, 2-bromo-\-dimethylamino-1 : 3: 3-trimethylindane hydrochloride (0-5 g.), needles (from 
ethyl! acetate-ethanol), m, p. 198° (Found: C, 63-2; H, 6-5; N, 41%). The picrate separated 
from ethanol in rhombs, m, p. 157--158° (Found: C, 47-3; H, 41; N, 10-9; Br, 15-5. 
Cy yHyN Br,C,H,O,N, requires C, 47-0; H, 45; N, 11-0; Br, 15-7%). 
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571. Glycine Peptides. Part I11.* The Absorption of Orange II 
by Polyglycine. 
By A. B. Meccy and D. Srs. 


Polyglycine I, prepared from piperazine-2 ; 5-dione and water, and poly- 
glycine II, prepared by precipitating polyglycine I from calcium chloride 
solution, both absorb Orange II from aqueous solution. Polyglycine II 
absorbs Orange IL equivalent to the total terminal amino-groups in the 
polymer, Polyglycine I absorbs only 42% of the theoretical amount; 
heating the polymer reduces this to 138%. Conversion into polyglycine IL 
restores the absorption to 100% of theory, and the absorption by poly- 
glycine II is not affected by heating of the polymer. The pK of the carboxyl 
group in polyglycine II is 2-9; that of the amide group, about 0. The 
affinity of the Orange II anion for polyglycine II is —6-3 kcal, mole compared 
with - 4-6 for wool, 


Tue absorption of acids and acid dyes by insoluble proteins and by nylon, has been studied 
by many workers.! Their results show that under suitable conditions one equivalent of 
acid is absorbed for each basic group in the protein, although in strongly acid media the 
amide groups also function as basic groups. The method has been extended to soluble 
proteins.” If acid dyes are used, the amount of acid absorbed can be readily estimated 
colorimetrically. Glycine polymers contain enly one basic group, the terminal amino- 
group of the peptide chain, and if the amount of this group present in the polymer could be 
estimated from the absorption of an acid dye, it would provide a convenient method for 
estimating the equivalent weight and the number-average degree of polymerisation of the 
polymer. When attempts were made to apply the method, using the dye Orange II 


* Part Il, /., 1963, 861. 

' (a) Vickerstaff, ‘' Physical Chemistry of Dyeing,”’ 2nd Edn., Oliver & Boyd, London, 1954; 
Speakman and Elhot, * Symposium on Fibrous Proteins,’’ Soc, Dyers and Colourists, Bradford, 1946, 
p. 116; (+) Vickerstaff and Lemin, ibid., p. 128; (c) Meggy, Trans. Faraday Soc., 1947, 48, 502; 
(d) Steinhardt, Fugitt, and Harris, /, Res. Nat. Bur, Stand., 1940, 26, 519; 1941, 26, 293; 1943, 30, 
123 

* Vraenkel-Conrat and Cooper, J, Biol. Chem., 1944, 154, 239. 
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(sulphanilic acid-»2-naphthol; C.I. No. 156), anomalous results were obtained,® the 
amount absorbed being sometimes considerably less than 1 equivalent per amino-group. 
It was therefore decided to investigate more fully the absorption of Orange II by 
polyglycine. 

Polyglycine was prepared by heating piperazine-2 : 5-dione with water at 160—-180°. 
The product showed principal X-ray reflexions at 3-40 and 4-36 A, showing that it was the 
type I polymer.* The isoionic point was determined by Vickerstaff and Lemin’s method.” 
The change in pH of the solution in equilibrium with the polymer on change of the 
electrolyte concentration by a known factor is plotted against the initial pH in Fig. 1. No 
change in pH is observed when the initial pH is 5-1. After washing with sodium acetate— 
acetic acid buffer of pH 5-1, the result is the same. The isoionic point of the polymer is 
therefore 5-1, in good agreement with the value for the lower peptides of glycine.® 

The following preparations of polyglycine were made, (a) Standard polymer. The 
polymer prepared at 160—180° was bulked and stirred with 0-1N-acetate buffer 
(pH 5-1) for 24 hr., then washed and dried. (+) Acid-washed polymer. Standard 
polymer was stirred with 0-ln-hydrochloric acid for 2 hr., washed, and dried. 
(c) Heated polymer. Standard polymer was heated in an air-oven at 105° for 10 days. 
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(4) Precipitated polymer. Standard polymer, dissolved in saturated calcium chloride 
solution, was poured into water at room temperature. (e) Heated and precipitated 
polymer. Heated polymer prepared as in (c) was precipitated as in (d), (f) Precipitated 
and heated polymer. Precipitated polymer prepared as in (d) was heated as in (c). 

Preparations (a), (b), and (c) showed strong X-ray spacings at 3-40 and 4-35 A, showing 
that they were all polyglycine I. Preparations (d), (e), and (f) showed a strong reflexion 
at 4:15 A; these were all polyglycine II. It is apparent that heating in the dry state does 
not alter the crystal type. 

The degree of polymerisation of the polymers was determined by titration in lithium 
bromide solution in the presence of formaldehyde, according to Sluyterman and 
Labruyere’s method.* Calcium chloride solution could not be used as a solvent, because 
the glass electrode did not respond to changes in acidity therein; apparently the potential 
was determined by the calcium ions. An antimony electrode was also inoperative in both 
lithium bromide and calcium chloride solutions. The reference electrode was silver-silver 
bromide in saturated lithium bromide used as an external electrode. An internal electrode 
could not be used because of the reducing action of formaldehyde on silver bromide. 

A typical titration curve is shown in Fig. 2. The addition of alkali to the solution of 

* Meggy, J., 1953, 851 

* Meyer and Go, Helv, Chim, Acta, 1934, 17, 1488; Bamford, Brown, Cant, Elliot, Hanby, and 
Malcom, Nature, 1955, 176, 396. 

* Cohn and Edsall, ‘ Proteins, Amino Acids, and Peptides,’’ Kheinhold, New York, 1943; Glass- 
tone and Hammel, /. Amer. Chem, Soc., 1941, 68, 243 

* Sluyterman and Labruyere, Rec, Trav. chim., 1954, 73, 347 
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the polymer in lithium bromide solution caused a sharp rise in E.M.F. On addition of 
formaldehyde, at the point indicated by the arrow, the E.M.F. fell to below its original 
value. Further addition of alkali gave a typical sigmoid curve. The end point was taken 
as that at which the slope was a maximum. The total titre was the amount of alkali added, 
less a correction for the acid present in the formaldehyde, which was found by a blank 
titration. No correction was necessary for the lithium bromide solution. 

Sluyterman and Labruyere,* using polymers prepared from N-anhydrocarboxyamino- 
acids, found an initial acidity which could be titrated in the absence of formaldehyde. 
They concluded that there was an excess of carboxyl over amino-groups in their polymers, 
which they attributed to the formation of hydantoin rings at the amino-end of the peptide 
chains. The sharp rise in E.M.F. with the first addition of alkali, as shown in Fig. 2, 
indicates that the solution of polymer in lithium bromide solution shows no initial acidity, 
before the addition of formaldehyde. The shape of the first part of the curve in Fig. 2 is 
practically identical with that obtained when lithium bromide solution is titrated with 
alkali. It seems, therefore, that the polymers obtained from piperazine-2 : 5-dione have 
equal numbers of carboxyl and amino-end-groups ; this is supported by the results obtained 
for the combination with Orange II. 

When standard polymer was dissolved in lithium bromide solution, and aliquot parts 
were titrated immediately on dissolution (about 30 min. after mixing), after 5 hr. and 
after 5 days, consumption of alkali was 1-38, 1-41, and 1-38 milliequiv./g. respectively. 
Therefore the polymer was stable in solution, and it is unlikely that it degraded during 
dissolution 

The six polymer preparations were titrated; the results are given in Table 1. Only 
acid-washed polymer showed initial acidity. The formol acidity was the same in all cases, 
within the limits of error, and corresponded to a number-average degree of polymeriz- 
ation (D.P.) of 12-3. It may be assumed that the various treatments have not altered this. 


TABLE 1. 


Acidity (milliequiv. /g.) Orange II 
Prepn Type Initial Formol (milliequiv. /g.) 
1-39 0-59 


(a) Standard . 
(b) Acid-washed 1-40 . 
(c) Heated 1-40 oO 


(d) Pptd 1-39 L-Af 
(e) Heated and pptd 1-40 — 
(f{) Pptd. and heated 1-39 


Combination of the standard polymer (a), the heated polymer (c), and the precipitated 
polymer (d) with the dye Orange II in aqueous solution was studied in detail, The combin- 
ation at 60°, as the free acid, is illustrated in Fig. 3. The curves show the widely 
different combining power in the three cases. If the dye combined with the terminal 
amino-groups of the peptide chains, and with these only, dye combination should reach a 
limit of about 1-40 milliequiv./g. in each case. Although two of the curves show an 
inflexion, none tends to a maximum, This is because at the higher concentrations dye is 
also absorbed on the amide groups. This effect is negligible at low concentrations of dye 
in the aqueous phase, so extrapolating the curves at low concentrations of dye to high 
concentrations reveals the limiting value for combination with the terminal amino-group. 
This is done ” by plotting 1/(dye absorbed) against 1/4/[(H*)(D~)|, where (H*) is the 
activity of hydrogen ions and (D~) that of dye anions, as in Fig. 4. Then combination of 
Orange II with the terminal amino-groups reaches a limiting value of 0-59 milliequiv./g. for 
standard polymer (a), 0-18 for heated polymer (c), and 1-45 for precipitated polymer (d). 
Only with the precipitated polymer (d) does the amount of Orange II combined correspond 
to the total number of terminal amino-groups in the polymer; for the standard polymer (a) 
and the heated polymer (¢) the amount of Orange II combined represents about 42% and 
13°, of the terminal amino-groups respectively. 

The combination of another dye acid, Cardinal Red J, (4-aminonaphthalene-1-sulphonic 
acid->2-naphthol; C.I. No, 176) with standard polymer (a) is shown in Fig. 5, and the 
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reciprocal plot is shown in Fig. 4. For this dye the combining power is 0-61 milliequiv./g., 
compared with 0-59 for Orange II. The difference is not significant, and it seems that the 
fractional result is due to a property of the polymer, and not of the dyes. 

Complete absorption curves were not prepared for the heated and precipitated 
polymer (e), or the precipitated and heated polymer (f), but a few determinations of 
absorption under identical conditions were made for polymers (d), (e), and (f). No 
significant differences were found between them; ¢.g., in a particular experiment, the 
absorptions were 1-28 milliequiv./g. for (d), 1-24 for (e), and 1-26 for (f). It appears that 
the absorption curve for (¢) and (f) would be identical with that for (d). 

Preparations (d), (e), and (f) are all polyglycine II, having a hexagonal crystal 
structure.’ It appears that for this form of polyglycine all the amino-groups are capable 
of combining with dye acids, irrespective cf the method of preparation. Preparations (a) 


Fic. 3, Combination of Ovange II with 
standard polymer (a), precipitated polymer 40 
(d), and heated polymer (c). . 


Tv ~ as Tv 


S 


» 


@ 
Ss 
[Absorption (g./millieguv) 


a” 

S 
= 
Ss 


2 
4 
3 
> 
a 
= 
is 
oe 
% 
© 
a 
q 
% 
yw 
2 
S 
a) 
te 
2 
Ss 
“ 
Ss 


00 7000 5008 
i/v (H* D7) 


~~ 
S 


5 6 7 I, Standard polymer (a) & Orange IT, 
~( log Ht + log Dp”) Il, " ae & Cardinal Red J. 
III, Heated polymer (c) & Orange IT (right-hand scale) 
IV, Precipitated polymer (d) & Ovange I1 


4 


and (c) are polyglycine I, having a monoclinic crystal structure ® similar to Nylon 6: 6; 
in this form of polyglycine only a fraction of the amino-groups are capable of combining 
with dye acids. The number of groups available depends on the method of preparation, 
and is reduced when the polymer is heated. 

The progressive decrease in the proportion of amino-groups available to dye in poly- 
glycine I can be observed during the preparation of the polymer from piperazine-2 : 5-dione. 
Table 2 gives the milliequiv. of Orange II bound per g. of polymer prepared at 140°, with 
different periods of heating, and the subsequent change when the polymers were heated in 
air at 105-—120°, 

The results are not very reproducible, although there is a tendency for the dye- 
combining power to reach a constant value in water at 140°, But heating the polymer in 
air reduces the combining power continuously, though at a decreasing rate. 


7 Crick and Rich, Nature, 1955, 176, 780. 
* Astbury, Dalgleish, Damon, and Sutherland, ibid., 1948, 162, 596; Astbury, ibid, 1949, 168, 722. 
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Tawie 2. Combination of polyglycine I with Orange II (polyglycine prepared from 
piperazine-2 ; 5-dione at 140°; dione: water = 1: 1) 

Reaction time (hr.) 24 42 114 

Milliequiv. of orange I1/g , 0-60 0-34 0°35 


3 5 
0-152 0-127 
The affinity of a monobasic acid for an insoluble polymer containing equal numbers of 
basic and acidic groups can be calculated from the following equation : “* 
2KT In 6/(1 — 6) — RT In (H*) — RT In (A>) + Apne + Spg- = O . (I) 


where 6 is the fraction of the total number of sites of the same charge which are occupied 
by ions of opposite charge, (H*) and (A~) are the activities of hydrogen ions and anions in 
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the external aqueous phase. The plot of log 6/(1 — 6) against [log (H*) + log (A>)) 
should be a straight line with a slope of 0-5; and when 0 = 0-5, 
{log (H*) + log (A~)) = (Ava+ + Apa-)/2308RT . « . (2) 


The plot of {log (H*) + log (A~)] against log 6/(1 — 6) is shown in Fig. 6 for Orange II 
and preparations (a), (c), and (d). In calculating 6, the available —-NH, groups are taken 
as 0-60 milliequiv./g. for (a), 0-18 for (c), and 1-40 for (d). Although the points show 


* Rideal and Gilbert, Proc. Roy. Soc., 1943, A, 183, 335. 
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considerable scatter, they tend to lie along a line having the theoretical slope of 0-5 in all 
three cases. The value of — [log (H*) + log (A~)} when 6 = 0-5 is 6-5 for (a), 6-15 for (e), 
and 7-05 for (d) The corresponding values for the affinity, (Aug_+ + Apy,-), are —9-9, 
—9°35, and — 10-75 kcal./mole. 

A similar plot for the absorption of Cardinal Red J on preparation (a) is shown in Fig. 7. 
The value of — [log (H*) + log (A~)] when 6 = 0-5 is 7-07; (Awg+ + Aug-) = —10°75 cals. 

The combination of hydrochloric acid with standard polymer (a) at 20° is shown in 
Fig. 8. Although the groups available to dye are 0-60 milliequiv./g. for this polymer, the 
amount of acid bound exceeds this figure, without any indication of an inflexion in the 
curve. Polymer washed in 0-1N-hydrochloric acid [(b), Table 1} contained 0-88 milliequiv. 
of acid per g. The reciprocal plot of Fig. 8 gives a curve passing through the origin. No 
indication of a maximum at 0-60 milliequiv./g. could be found, It seems that for poly- 
glycine I absorption of hydrochloric acid on amide groups is a significant proportion of the 
total acid absorbed, even at very low acid concentrations. 

The corresponding curve for the precipitated polymer (d) at 20° is shown in Fig. 9. 
There is a slight indication of an inflexion at 1-00—1-20 milliequiv./g. However, the 
reciprocal plot passes through the origin, and no useful information can be obtained from it. 
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The solid line in Fig. 9 drawn through the experimental points was obtained in the 
following way: (1) Let it be assumed that Au, = 0; this is a hypothesis which has 
proved convenient, and appears to be approximately true for wool.%° (2) Hydrogen ions 
are absorbed on to the carboxyl groups of the polymer. The polymer contains 1-40 milli- 
equiv. of CO,” per g., and the pK of the carboxy! group is 2-9. (3) Hydrogen ions are 
absorbed on to the amide groups of the polymer. The polymer contains 15-75 milliequiv. 
of CO-NH groups per g., corresponding to a degree of polymerization of 12-3, and the pK 
of the amide group is 0. The shape of the lower part of the curve is determined mainly by 
condition (2). 1-40 corresponds to the carboxyl content of the polymer, as determined by 
titration (Table 1). The value of 2-9 for the pK of the carboxy! group gives a good fit for 
the lower part of the curve, and agrees with the known values ® for the higher peptides of 
glycine, which lie between 2-95 and 3-1. On assumptions (1) and (2), Aug + Apa 
Aug = —2°303RT x 2-9 =< —3-88 kcal./mole at 20°. 

The shape of the upper part of the curve is influenced to a considerable extent by the 
absorption of hydrogen ions on amide groups, the number of which is determined by the 
chemical composition of the polymer and its degree of polymerisation, In order to obtain 
a fit with the experimental values, it is necessary to assume that K = 1, #.¢., pK = 0, for 
the reaction, ‘CO-NH,*: == -CO-NH: + H*. For acetamide pK lies between —-0-5 and 

~0-9 for this reaction, and for urea }® between —-0-05 and +018. The value postulated 
seems, therefore, to be reasonable, although no great significance should be attached to it. 

1 Hall and Conant, J]. Amer. Chem. Soc., 1927, 49, 3047 
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Discussion.—The absorption of the dye Naphthalene Scarlet 4R (1-naphthylamine-4- 
sulphonic acid->2-naphthol-6 ; 8-disulphonic acid; C.I. No. 185) by polyglycine I has been 
studied by Bamford, Boulton, Hanby, and Ward." A polyglycine having 0-164 milli- 
equiv. of amino-groups per g. (by the Van Slyke method) absorbed 0-101 milliequiv. of the 
dye per g., t.¢., 62%, of the theoretical amount. After refluxing with acetic anhydride for 
15 min. the polymer contained 0-104 milliequiv. of NH, per g., but combined with only 
(0-024 milliequiv. of the dye, 23°, of the theoretical amount. In a parallel experiment with 
nylon 6:6, dye absorption slightly exceeded the free amino-content, both before and 
after acetylation, presumably owing to absorption on amide groups under the conditions 
used. The difference in behaviour is the more striking in view of the similar crystal 
structure and chemical composition of the two substances. 

These results are consistent with the observations on the absorption of Orange II by 
polyglycine I presented in this paper. Since heating at 105—110° decreases the number 
of amino-groups available to the dye, refluxing in acetic anhydride at 140° might also be 
expected to do so. But it is difficult to explain the effect, since polyglycine II, with the 
same degree of polymerization and the same chemical composition, and nylon 6 : 6, with a 
very similar crystal structure, do not show it. It might be argued that the undyed polymers 
are amorphous, and that heating causes crystallisation in polyglycine I, the amino-groups in 
the crystallites not being accessible to dye molecules. This however is not supported by 
X-ray diffraction. Polyglycine I, containing 0-76 milliequiv. of Orange II per g., 
equivalent to 25°, on the weight of the undyed polymer, gave an X-ray diffraction pattern 
similar to that of the undyed material. Polyglycine II, containing 1-24 milliequiv. of 
Orange II (41% on the weight of the undyed material) also gave a diffraction pattern 
similar to that of the undyed material. It would be premature to say that dyeing produces 
no change in the X-ray diffraction pattern, but none has been found so far. It is known 
that the dyeing of textile fibres has no effect on the X-ray diffraction pattern (Speakman 
et al.') and this has been used as evidence that dye absorption takes place in the amorphous 
regions of the fibres, but this cannot be reconciled with the behaviour of polyglycine II. 
Not only does the X-ray diffraction pattern show many sharp rings, indicating a high degree 
of crystallinity, but also certain preparations were found by electron-microscopy to consist 
of hexagonal lamina, showing growth steps.’* These were undyed preparations, but 
indications of a similar structure were found also in dyed preparations. Thus, there is 
evidence both from X-ray diffraction and from the electron micrographs that the material 
is crystalline; neverthless, it can absorb dye until nearly all available amino-groups are 
saturated, without loss of crystal structure and without marked change in the X-ray 
diffraction pattern. 

Polyglycine II, the various types of nylon (Vickerstaff “), wool,” silk, and other 
insoluble proteins * combine with acid dyes in amounts corresponding to their content of 
basic groups. Only polyglycine I is an exception, for no obvious reason. 

lhe affinity of Orange II for polyglycine II at 60° is —10-7 kcal./mole, from the results in 
Fig. 5." The affinity of the hydrogen ion for polyglycine II at 60° can be calculated 
from the results in Fig. 9, if it is assumed that pK does not change with temperature. This 
is equivalent to assuming that the heat of ionisation of the carboxyl group is zero, which is 
approximately correct. Then Apy ~4-4 kcal./mole at 60°, and for the absorption of 
Orange II anion by polyglycine II at 60°, Au, = — (10-7 — 4-4) = —63 kcal./mole. 
This is a substantially greater affinity than that of the same anion on wool (—4-6 kcal. /mole). 

The affinity of Cardinal Red J is greater than that of Orange II on polyglycine I 
(standard polymer) by 0-85 keal./mole, owing to the replacement of a benzene by a naphth- 
alene nucleus and in agreement with results for wool. It is difficult to decide what signific- 
ance to attach to the apparent difference in the affinity of Orange II for polyglycine I and 
polyglycine II, particularly as the affinity for standard polymer (a) differs from that of 
heated polymer (c), although both are polyglycine I. The number of groups accessible to 
dye differs in the two cases, and in calculating the affinities it has been assumed that the 
number of sites accessible to protons is equal to the number accessible to dye anions. If 


'! Bamford, Beulton, Hanby, and Ward, Discuss. Faraday Soc., 1954, 16, 222 


18 Meggy and Sikorski, Nature, 1956, 177, 326. 
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this assumption is not correct the affinities will also not be correct. It is quite possible 
that polyglycine I in which all potential sites are available to dye ions has the same affinity 
for Orange II as has polyglycine II. 


EXPERIMENTAL 


Preparation of the Polymer.—Piperazine-2 : 5-dione (10 g.) and water (10 g.) were heated 
in a sealed tube at 160-—180° for 18 hr. The material from several tubes was bulked, extracted 
with boiling water three times, centrifuged, washed with methanol three times, and dried (CaCl,) 
in a desiccator. The polymer (yield, 68%) was finely ground in a mortar, and stored over calcium 
chloride. 

Determination of the Isoionic Point.—Polymer (0-5 g.) was weighed into each of several 
beakers containing distilled water (25 ml.) and 0-2N-sodium chloride (5 ml.). Suitable amounts 
of 0-1n-hydrochloric acid or -sodium hydroxide were added, and the pH of the solution in each 
beaker was measured after sufficient time for equilibration. N-Sodium chloride (5 ml.) was 
added and the pH of the solution at equilibrium measured again. The change in pH was 
plotted as a function of the initial pH. The isoionic point was found to be 5-1. 

Some of the polymer was washed with an acetate buffer of pH 5-1. The polymer was washed 
with water and methanol, and dried (CaCl,). The isoionic point was redetermined and found to 
be 5-1. The whole of the polymer was washed with acetate bufier (pH 5-1), then with water and 
methanol, and dried as described. This material is referred to as ‘‘ stock polymer.”’ 

Preparation of Treated Polymers.—-Precipitated polymer (d). Stock polymer (10 g.) was 
dissolved in neutral saturated calcium chloride solution (150 ml.). The solution was centrifuged 
and diluted with distilled water (600 ml.). The polymer which separated was washed at the 
centrifuge from distilled water four times, washed with acetate buffer of pH 5-1, then with water 
and methanol, and dried (yield 8-4 g., 84%). 

Heated polymer (c). Stock polymer was heated in an air-oven at 105° for 10 days, during 
which no apparent change took place. 

Heated and precipitated polymer (e). Heated polymer was precipitated from calcium chloride 
solution at room temperature and purified as for (d) above 

Precipitated and heated polymer (f). Polymer, precipitated as for (d), was heated for 10 days 
at 105° as for (c), washed with acetate buffer (pH 5-1), then with water and methanol, and dried 
(CaCl,). 

Titration of the Polymer in Lithium Bromide Solution.—Polymer (about 70 mg.) was dissolved 
in saturated lithium bromide solution (15 ml.), and titrated with freshly standardised n/15- 
sodium hydroxide after addition of 40% aqueous formaldehyde (1 ml.). A glass electrode was 
used to detect the end point, the reference electrode being a silver-silver bromide electrode in 
saturated lithium bromide solution, which was connected to the titration vessel by means of a 
wick soaked in the same solution, The E.M.F. of the system was measured with a Cambridge 
pH meter, used as a millivoltmeter, and as the E..M.F. was greater than 1400 my a standard cell 
was included in the circuit to bring the readings within the scale of the instrument. A blank 
titration was carried out to allow for the acidity of the formaldehyde; the lithium bromide 
solution was neutral, 

Combination of the Polymer with Dye Acids,(1) Purification of the dye acids, Technical 
Orange II sodium salt (Imperial Chemical Industries Limited, Dyestuffs Division; Naphthalene 
Orange G) was crystallised twice from warm water, then dissolved in cold water (200 ml, for 
18 g.) and treated with concentrated hydrochloric acid (i0 ml.). The precipitated dye acid was 
separated at the centrifuge, redissolved, and again precipitated with acid. The precipitate was 
washed three times with 0-5n-acid and dried (NaOH), It was then recrystallised twice from 
absolute alcohol, washed with a little ether, dried (NaOH), and stored over concentrated 
sulphuric acid in the dark. 

Technical Cardinal Red sodium salt (Imperial Chemical Industries Limited; Naphthalene 
Red JS) was recrystallised twice from water at 60°. The crystals must be separated at the 
centrifuge. Conversion into the dye acid and purification were as for Orange II. 

In both cases the dye acids gave a negative reaction for chloride with silver nitrate. For 
Orange II and Cardinal Red respectively the ash content was 0-3% and 0-2% and the purity by 
potentiometric titration with alkali was 101-1% and 100-6% 

(2) Estimation of the dyes in solution. The dyes were estimated with a Spekker absorptio- 
meter, and Ilford Spectrum filters, No, 603, blue-green for Orange II, and No. 604, green for 
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Cardinal Red. For concentrations of dye in solution less than 4 x 10m, the Spekker reading 
was proportional to the concentration; aliquot parts of solutions to be measured were diluted 
to bring them within the range l1—4 x 107. 

(3) Equilibrium measurements. Weighed amounts of polymer and known volumes of 
0-O0ln-dye solution were placed in tubes fitted with Quickfit stirrers, to prevent loss of water by 
evaporation. The tubes were immersed in a thermostat at 60° and stirred. Preliminary 
experiments showed that equilibrium was attained after 6 hr. The tubes were cooled rapidly 
to room temperature and the contents centrifuged. The centrifuge tubes were weighed before 
and after centrifugation, and any loss of water by evaporation was made good. A portion of the 
clear liquid was used in determination of the pH of the system, and a second portion in determin- 
ation of the residual dye concentration. From the volume of dye solution taken and the initial 
and the final concentration, the amount of dye on the polymer was calculated. 

Combination of the Polymer with Hydrochloric Acid.—Polymer (about | g.) was weighed into a 
stoppered flask (50 ml.), and a known volume of standardised hydrochloric acid added. The 
flask was rotated for 6 hr. (sufficient for equilibration), A portion of the liquid was centrifuged 
at high speed to separate the polymer, which sometimes tended to remain in suspension, and any 
lows by evaporation was made good. An aliquot part was titrated with barium hydroxide 
80 ution, giving the amount of acid bound, 
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572. Kinetics of the Reaction between Benzoyl Peroxide and 
Phenols. 


By J. J. Barren and M. F. R. Mutcany. 


The reaction between benzoyl peroxide and a phenol in an inert solvent 
is not a chain reaction but occurs mainly by direct interaction between the 
phenol and peroxide molecules. It is suggested that the initial step is : 


ArOH + Ph'CO'O-—O-COPh —- ArO- + Ph'CO-OH + -O-COPh 


and that this is probably preceded by the formation of a hydrogen bond 
between the phenol and the carbonyl oxygen atom. 

In a “ reactive’’ solvent (¢.g., dioxan) this reaction is superimposed on the 
inhibiting effect of the phenol on the solvent-induced chain decomposition 
of the peroxide, 


Tur decomposition of benzoyl peroxide in solution occurs primarily by unimolecular fission 
of the O-O bond : 

Ph:CO-O-O'COPh ——t 2Ph'CO:0- ae 
In a solvent (SH) containing a weak C-H bond, both the kinetic behaviour? and the 
nature of the products * show that the benzoate radicals initiate a chain reaction involving 
more peroxide molecules : 

Ph:CO-O: + SH —— Ph'CO’OH +. S: . ey ey 

S: + Ph‘CO-O-O-COPh ——# Products + Ph-CO-O- ott tpt ae 


The rate of disappearance of peroxide from such a solvent may be many times greater than 
from an “ unreactive ’’ solvent such as benzene or chloroform, where the chain reaction 
occurs to only a minor extent. The peroxide disappears very rapidly from solution in a 
liquid phenol, and previous authors have assumed that this takes place by a similar chain 
reaction,*-® the radical S* being identified with the ArO» radical. This receives some 

' Nozaki and Bartlett, ]. Amer. Chem. Soc., 1946, 68, 1686. 

* Cass, thid., 1947, 69, 500 

* Bartlett and Nozaki, ibid., p. 2299 

‘ ripper, ] , 1962, 2966 

® Batten and Mulcahy, Nature, 1953, 172, 72. 

* Cosgrove and Waters, /., 1951, 388 
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support from the well-known susceptibility of the phenolic O-H bond to free-radical 
attack. Nevertheless, a simple explanation in terms of this mechanism is precluded by 
the fact that the decomposition in a reactive solvent, ¢.g., cyclohexane or dioxan, is retarded 
by small amounts of phenols.’:7_ On increase of the phenol concentration, however, the 
rate of disappearance of peroxide passes through a minimum and the retardation is replaced 
by an acceleration.® This increases roughly in proportion to the phenol concentration 
and evidently reaches its limit in the pure phenol. Any mechanism which purports to 
explain the high rates observed in the liquid phenol or at high phenol concentrations in 
reactive solvents must therefore also take into account the retarding effect at low concen- 
trations. It is with this problem that this and the following paper are concerned. This 
paper describes a study of the effect of quinol and ~-methoxyphenol on the rate of dis- 


oe 
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1) (Il) 
appearance of the peroxide from various solvents, these phenols being chosen because they 
manifest both the retarding and the accelerating effects to a convenient degree. The 
influence of the structure of the phenol on the magnitude of these effects is discussed in 
the following paper. 

The products of the reaction of benzoyl peroxide with various substituted phenols 
in chloroform solution at 61° have been examined by Cosgrove and Waters.4*® These 
are for the most part benzoic acid and, depending on the positions of the substituents, 
benzoate derivatives of types (I) or (II) or diphenols (III) and their quinonoid oxidation 
products. Analogous products are obtained with acety! peroxide.’ 


EXPERIMENTAL 

Procedure.—The disappearance of benzoy] peroxide from solution was followed in the absence 
of air by analysis for residual peroxide at successive intervals. Solutions (12 ml.) of peroxide 
and phenol of appropriate concentration were prepared in Pyrex ampoules, degassed by repeated 
freezing and melting in vacuo, sealed off, and immersed in an oil-thermostat. When the rate 
was appreciable at room temperature two-legged ampoules were used; the solutions of peroxide 
and phenol were brought separately to the temperature of the thermostat and then mixed, 
At the appropriate time an ampoule was cooled rapidly by shaking in cold water or in an ice- 
salt bath, and the peroxide content determined iodometrically. Light was excluded in all 
operations. The thermostat temperature was measured by a calibrated thermometer and 
remained constant within +0-05°. 

The general kinetic behaviour was first explored by studying the effect of the phenol concen- 
tration on the amount of peroxide remaining after a specified time. Since, however, the 
products were likely to influence the rate, the final kinetic analysis was based on measurements 
of the initial rate. Each measurement was derived from four determinations of the peroxide 
concentration made before the first 12% (at the most) of the peroxide had reacted, The 
experiments with benzene solutions at 30° were carried out with the two-legged ampoules. 
In those with dioxan, however, the peroxide and phenol were mixed at room temperature. 
Experiments with thermocouples showed that in this case 3 min. were required for the solution 
to reach within 0-5° of the thermostat temperature at 50 Under the most unfavourable 
conditions the heat of reaction produced no perceptible rise in the temperature of the solution. 
Plots of the peroxide content against time were linear within the experimental error, and 
passed through the origin when the two-legged ampoules were used. The reproducibility of 
the individual determinations of the peroxide concentration was within +-0-5%, of the original 
concentration. No induction periods were observed. 

’ Swain, Stockmayer, and Clarke, ]. Amer. Chem. Soc., 1960, 72, 5426. 


* Cosgrove and Waters, /., 1949, 3189 
* Wessely and Schinzel, Monatsh., 1953, 84, 425, 969 
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Analytical Methods.—The method of analysis for peroxide was based on that of Nozaki,” 
in which iodine is liberated from potassium iodide in acetic anhydride solution. The rate of 
liberation of iodine was found to be influenced by the presence of the solvent in which the 
decomposition had been carried out, and especially by phenols. Consequently, the conditions 
for quantitative liberation were established in control experiments." With quinol and some 
other phenols the presence of quinones in the products limits the applicability of direct iodo- 
metric determination of the residual peroxide. For this reason the study of the behaviour 
in a reactive solvent was made with dioxan. The peroxide could then be separated from the 
products by precipitation with water containing a trace of acetic acid. The absence of colour 
from the precipitate and a negative test with potassium iodide on the washings were taken to 
indicate the absence of quinones. Occasionally a second or third re-precipitation was required. 
No appreciable loss of peroxide occurred during this procedure. The technique also eliminated 
catalysed autoxidation of the dioxan during the period of iodine liberation which otherwise 
led to high results. The method is inapplicable with solvents immiscible with water. Here 
the choice of phenols was restricted to those which gave no strong indication of quinone 
formation in dioxan. ‘This condition was particularly well satisfied by p-methoxyphenol. 

The reaction with quinol in dioxan produces p-benzoquinone as the major product. In 
these and in some other experiments in which p-benzoquinone was added to the reaction mixture 
the quinone was determined in the filtrate by direct titration with thiosulphate.™ 

Materials.-Commercial benzoyl peroxide was precipitated from chloroform solution by 
methanol and dried in vacuo; before use it was recrystallised twice from dry, peroxide-free 
ether and dried in vacuo in the dark, This material liberated 100-0-—100-2% of the theoretical 
amount of iodine. Quinol was twice recrystallised from distilled water containing a trace of 
hydrochloric acid, and dried in vacuo (m, p, 172:0--172-5°). p-Methoxyphenol and phenol 
were recrystallised three times from cyclohexane and dried in vacuo (m. p. 55-56—56-0° and 
40:-6—40-9° respectively). p-Benzoquinone was sublimed and recrystallised from water (m. p 
113-5--114-5°). Dioxan, purified by the method of Swain e/ al.,’ was fractionally recrystallised 
twice and stored over sodium (b, p. 101-4°; ni? 1-4224, Abbé). Tests for peroxide were always 
negative. ‘ Analak’’ benzene was purified by treatment with sulphuric acid, fractional 
recrystallisation, and distillation, and stored over sodium (b. p. 80-2°; nv 1-5010, Abbé). 
Acetophenone was purified by fractional crystallisation and distillation * (b. p. 201°; nn? 
15341, Abbé). ‘' AnalaR "’ chloroform was purified by Weissberger and Proskauer’s method.“ 
All solvents were stored in darkness at 0°, 


RESULTS 

The effect of a phenol on the rate of disappearance of benzoyl peroxide from a reactive 
solvent is illustrated by comparison of the effect of quinol (Fig. la) in dioxan with that of 
p-benzoquinone (Fig. 1b) under the same conditions, Each of the curves in Figs. la and Ib 
gives the amount of peroxide which reacted in a fixed period as a function of the initial quinol 
or quinone concentration, (In the experiments referred to in these and in subsequent figures, 
unless otherwise indicated, the initial peroxide concentration was 50 mm and the temperature 
80-65°.) Quinone in sufficient concentration reduces the amount of peroxide reacting to a 
limiting value which is unaffected by further increase in concentration. This is similar to the 
effect of vinyl monomers and the other retarders studied by previous investigators.” The 
limiting rate is that of the primary ‘ spontaneous ’’ fission of the peroxide molecules [reaction 
(1)].* With quinol, however, no limiting rate is observed, Small initial concentrations retard 
the reaction, but at higher concentrations this is counteracted by an accelerating effect. Similar 
behaviour is exhibited by other phenols in cyclohexane solution * (cf. also ref. 16), There is 
little doubt that it is characteristic of phenols in general. Thus the reaction of benzoyl peroxide 
with phenols is more complicated kinetically than its reaction with other retarders such as 
quinone, vinyl monomers, and polynuclear hydrocarbons.” 


* The present experiments RY a unimolecular rate constant of 2:56 « 10°* min. in good agree 
ment with the value of 2-52 x 10 min.“ obtained by Swain et al.’ at 80°. 


" Nozaki, Ind. Eng. Chem. Anal., 1946, 18, 583. 

‘t Batten, Thesis, Melbourne, 1955 

' Rzymkowski, Z. Elektrochem., 1926, 31, 371. 

'* Timmermans, ‘ Physico-chemical Constants of Pure Organic Compounds,” Elsevier, 1950. 
 Weissberger and Proskauer, “ Organic Solvents,"’ Oxford, 1935 

** Bawn and Mellish, Trans. Faraday Soc., 1961, 47, 1216. 

'* Batten, following paper 

*’ Batten, unpublished. 
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The influence of quinol on the initial rate in dioxan is shown by curve A of Fig. 2, It will be 
seen that the accelerating effect which replaces the retardation observed at lower concentrations 
increases linearly with the concentration. Furthermore, the straight line when extrapolated 
back to zero concentration meets the ordinate at the rate of the ‘ spontaneous ’’ decomposition. 
At concentrations corresponding to the linear part of the curve, analysis showed that in the 
early stages of reaction one quinone molecule is formed for every peroxide molecule which 
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disappears. It is therefore probable that the quinol is converted quantitatively into p-benzo- 
Since, however, the main products from monohydric phenols are more often similar 
to (I) and (II), t.¢., contain a fragment of the peroxide, this raises the possibility that the kinetic 
behaviour of quinol may not be typical. Further experiments were therefore carried out with 
p-methoxyphenol which gives a product similar to (I1).* 

The variation of the initial rate with p-methoxyphenol concentration is shown by curve B 
in Fig. 2, The behaviour is similar to that of quinol but the accelerating and retarding effects 
are less sharply delineated. Nevertheless, at initial p-methoxyphenol concentrations less than 
about 15 m™ the accelerating effect can probably be neglected in comparison with the retarding 


quinone 
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effect. If in this region the phenol behaves as a retarder of the usual type, the following 
approximate relationship would then be expected to hold : 


R — Rix A/(l + BlArOH),) hss lt tale an aaa 


where F is the total rate, RP, the rate of reaction (1), and A and B are constants; 1/(R — R,) 
would thus be approximately linearly related to [ArOH),. That this is the case is shown by 
Fig. 3. 

The increase in rate at higher concentrations (Fig. 2) appears to be directly proportional 
to the phenol concentration as in the case of quinol, but it is not clear to what extent the 
retarding effect is still influencing the kinetics. However, it should be possible to isolate the 
accelerating effect from the retarding effect by studying the kinetics in a solvent where the 
solvent-induced chain decomposition of the peroxide is small. The effect of the phenol concen- 
tration on the rate in three such solvents is shown in a semiquantitative fashion by curves A, B, 
and C in Fig. 4, and may be compared with its effect in dioxan in similar circumstances 
(curve D). In the “ unreactive ’’ solvents the accelerating effect is predominant over the whole 
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Fic. 5. Effect of initial p-methoxyphenol 
concentration on amount of benzoyl 
peroxide reacting in 135 min. in dioxan 
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range of concentration. Similar behaviour can be observed in dioxan if sufficient p-benzo- 
quinone (or picric acid)" is present to inhibit the induced decomposition completely. This is 
shown for two quinone concentrations (cf. Fig. 1b) in Fig. 5. (It is noteworthy that in both 
cases when the phenol was in sufficient excess the total amount of quinone added originally 
was found in the products.) However, the addition of quinone complicates the analysis, and 
the kinetics of the accelerating effect are therefore best investigated in an unreactive solvent, 
Of these, benzene was found the most suitable. 

The effects of the phenol and peroxide concentrations on the initial rate in benzene are 
shown in Figs. 6 and 7, The rate increases linearly with the concentrations of both reagents 
over the greater part of the concentration range. Deviations (which are outside the experi- 
mental error) occur at high peroxide and low phenol concentrations, but it is clear that in the 
range studied the rate is given approximately by 


d[Bz,0,)/d¢ = &{Bz,0,J[ArOH] . .... . (ii) 


This is in agreement with results obtained by previous investigators with the reaction in liquid 
phenols: Bartlett and Nozaki* and Tipper‘ found first-order kinetics with respect to the 
peroxide concentration, and Tipper observed that the (pseudo-)unimolecular rate constant 
decreased approximately in proportion as the phenol was diluted with water. In the present 
experiments at 30° when {Bz,O,)}/[ArOH} > ~1, the rate is more dependent on [ArOH] and 
less dependent on {Bz,O,) than equation (ii) would indicate, On the other hand, Fig. 6 shows 
that it deviates less from a linear dependence on {ArOH) as the temperature is increased, It 
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should be noted that the rate with phenol absent is far too small for the deviation to be 
accounted for by inhibition of solvent-induced decomposition by the phenol. At 30-2° the 
value of k obtained from the slope of the linear part of the curve in Fig. 6 is 3-8 x 10% 1, mole* 
min.“, in fair agreement with the value 2-9 x 10% 1, mole™ min.! derived from Fig. 7. The 
activation energy obtained from the slopes of the curves in Fig. 6, corrected for the change in 
peroxide concentration due to thermal expansion of the solvent, is 11-0 kcal. mole. 


Vic. 6 Variation of initial rate in benzene with initial concentration of p-methoxyphenol at three 
temperatures 
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Fic. 7. Variation of initial rate in benzene with initial concentration of benzoyl peroxide, Initial 
p-methoxyphenol concentration = 200 mm; 7 30°2° 
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Tests for a Chain Reaction (in an Unreactive Solvent).—-The reaction in benzene is clearly 
identical with that which occurs in liquid phenols and is predominant at high phenol concen- 
trations in reactive solvents, However, the dependence of the rate on the first power of both 
(Bz,O,) and [ArOH) conflicts with the view that it is a chain reaction similar to other solvent- 
induced decompositions, i,¢,, that it proceeds by reactions (1)—(3), The manner in which the 
rate of such a reaction varies with the reagent concentrations depends on the particular radicals 
which participate in chain termination, but no plausible termination reaction leads to equation 
(ii). This can be remedied by postulating that initiation occurs mainly by a bimolecular 
reaction between the peroxide and the phenol rather than by reaction (1), but then it is difficult 
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to account for the inhibiting effect in reactive solvents. An alternative view is that the reaction 
in unreactive solvents and in the pure phenol is simply a bimolecular non-chain reaction; and 
that in the reactive solvents this occurs simultaneously with and independently of the inhibiting 
effect of the phenol on the solvent-induced decomposition. 

The following experiments were carried out with the object of deciding between these views. 
If the reaction is a chain reaction it should be susceptible to inhibition. However, the results 
given in Fig. 5 show that the rate is not reduced by p-benzoquinone, and Tables 1, 2, and 3 
show similar results with oxygen, anthracene, styrene, and picric acid.* These substances all 


TABLE 1. Effect of anthracene and styrene on the rate of reaction between p-methoxyphenol 
and benzoyl peroxide in benzene solution. [Bz O,\) = 50mm; T = 80-65". 
{Anthra- Bz,0, [Anthra- Bz,0, 
(MeO-C,H,OH), cene), (Styrene), reactingin ([MeO’C,H,Oll), cene), (Styrene), reacting in 
(mM) (m™) (mm) 135 min. (%) (mM) (mm) (mm) 135 min. (%) 


0 28-0 e 0 _ 82-0 
41:2 { 100 ~ 82-5 


100 28-4 84-0 
27-0 43-8 84-2 
a 26-9 : 84-0 
— 0 - 60-5 
sai { 100 61-2 
TaBLe 2. Effect of oxygen on the initial rate of reaction between p-methoxyphenol 
and benzoyl peroxide in benzene. [Bz,O,\, = 50 mm; T = 60°3°, 
{[MeO-C,HyOH), (1m) 0 20 120 
: ca, 6 ml, of O, (N.T.P.) * 0-0087 t 0-19 1-14 
Initial rate (mM min. ie mageie a 0-0077 0-17 1-05 
* This refers to the volume of oxygen above the solution at the beginning of the experiment; the 


solutions were shaken from time to time during the experiments 
t The accuracy of the iodometric analysis is impaired when the solution is saturated with oxygen. 


TasLe 3. Effect of p-benzoquinone, picric acid, and anthracene on the reaction between 
phenol and benzoyl peroxide in liquid phenol. [Bz,0,\) = 50 mm; T = 80-65°, 
{Inhibitor}, Bz,O, reactin {Inhibitor},  bz,O, reactin 
Inhibitor (mm) in 22-5 min, (%) Inhibitor (mm) in 22-5 min, (%) 
. 81-8 Picric acid 98-5 
p-Benzoquinone ... 202 80-4 Anthracene 2 98-2 


inhibit the induced decomposition in non-phenolic solvents.’ Table 3 refers to experiments 
carried out in liquid phenol. Tipper ‘ and Bartlett and Nozaki * have shown that oxygen has 
no effect on the rate in liquid phenols. These results taken together provide strong evidence 
against a chain reaction but are not completely conclusive since the chain carriers could con- 
ceivably propagate the chain at a greater rate than they react with any of the inhibitors chosen. 
However, if the peroxide reacts mainly by a chain reaction, an increase in the rate of initiation 
will produce a large effect on the overall rate. Thus, if the rate of primary production of radicals 
by reaction (1) is increased by irradiation with ultraviolet light, the consequent increment in the 
total rate of disappearance of peroxide will be at least several times greater, On the other 
hand, if chains are not involved no increase in the total rate will be observed other than that 
due directly to the photolysis of the peroxide. 

Oxygen-free solutions of peroxide in chloroform were therefore exposed to the light of a 
low-pressure mercury arc with and without p-methoxyphenol present. The lamp emitted 
99% of its radiation as the 2537 A line, at which wavelength the extir ction coefficient of benzoyl 
peroxide ™ is at least 10 times that of p-methoxyphenol.”” To reduce absorption by the phenol 
still further, the experiments were carried out with an excess of peroxide, The solutions were 
irradiated at room temperature in a quartz vessel provided with a plane window, care being 


* It was also found that the simultaneous effect of two phenols on the rate in benzene is approximately 
equal to the sum of their separate effects. 


18 Breitenbach and Derkosch, Monatsh., 1950, 81, 530 
"” Waljaschko, J. Russ. Phys. Chem. Soc., 1913, 45, 226. 
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taken to ensure that the same quantity of light entered the vessel in different experiments. 
Columns 6 and 6 of Table 4 show the amount of peroxide which reacted after 30 minutes’ 
irradiation and after the same time in the dark, respectively. It will be seen that when allowance 
is made for the dark reaction the amount of peroxide which disappeared as the result of the 


Taute 4. Infiuence of ultraviolet light on tie reaction between benzoyl peroxide and phenols 
al room temperature. 
liz,0, reacted after 30 min. (%) 
(Bz,0,), [Phenol], Light reaction Dark reaction 
Solvent Phenol (mM) I (D) L D 
Chloroform p-Methoxyphenol 200 


Dioxan p-Methoxyphenol 
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light absorption was not affected, within the experimental error, by the presence of the phenol. 
This indicates clearly that the phenol does not participate in a chain reaction involving the 
peroxide 

The results of some photochemical experiments carried out in dioxan and cyclohexane are 
also shown in Table 4, Here the light initiates solvent-induced decomposition and the photo- 
rate in the absence of phenol is greater than the corresponding rate in chloroform, The phenol 
has now two effects : it suppresses the induced decomposition to a limiting rate, i.e., to that of 
the primary photolysis [reaction (1)], and at the same time reacts directly with the peroxide. 
The resultant effect is completely analogous to that found in the absence of light (cf. Fig. 1a), 
except that here the direct reaction between phenol and peroxide is relatively slow because of 


the lower temperature, 


DISCUSSION 

The kinetic properties, the insensitivity of the rate to inhibitors, and the result of the 
photochemical experiments establish conclusively that the reaction in an unreactive 
solvent is not a chain reaction. Furthermore, the evidence leaves little doubt that the 
same reaction occurs in the pure phenol. Phenols, therefore, cannot be regarded as 
‘ reactive '’ solvents in the same sense as ethers, alcohols, and aliphatic hydrocarbons 
which undoubtedly involve the peroxide in a chain reaction. 

When a phenol is added to a solution of peroxide in an ether, alcohol, or aliphatic 
hydrocarbon, the chain reaction is suppressed by substitution of the reaction 


Ph'CO-O: +- ArOH ——t Ph'CO.H + ArO- . . «. «© « « « (4) 
for reaction (2), or the reaction 
S: + ArOH ——® SH 4- ArO: 


for reaction (3), the ArO+ radical evidently being much less active in attacking the peroxide 
than the S: radical (cf. Fig. 3 and Batten 1"). At the same time the direct reaction between 
phenol and peroxide also occurs. Since with increasing phenol concentration the rate of 
the solvent-induced reaction is reduced to a limit but that of the direct reaction increases 
continuously, the inhibiting effect at low concentration will eventually be more than 
counterbalanced by the direct reaction. This then is the explanation of the curves in 
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Figs. la and 2. A previous tentative explanation ® based on the assumption that the 
reaction at high phenol concentrations was a chain reaction is now superseded. 

In an inert solvent the situation is no longer complicated by the reaction of the peroxide 
with solvent radicals, and two distinct modes of reaction with the phenol can be more 
easily distinguished. First, there is the direct reaction, and secondly, there can be little 
doubt that the Ph-CO-O- radicals from the unimolecular fission of the peroxide will attack 
phenol molecules to give benzoic acid [reaction (4)} together with products resulting from 
combination of the ArO+ radicals with each other and/or with Ph-CO-O+ radicals. Under 
the present conditions with comparable concentrations of phenol and peroxide the direct 
reaction is the faster. Curve C in Fig. 4 shows that the direct reaction between equi- 
molecular concentrations of p-methoxyphenol and peroxide in chloroform at 60° is about 
50 times faster than the unimolecular decomposition. This leaves no doubt that the 
products—benzoic acid and 2-benzoyloxy-5-methoxyphenol (type I)—obtained in high 
yield by Cosgrove and Waters * by refluxing (considerably higher) equimolecular concen- 
trations in chloroform (61°) are products of the direct reaction. The present experiments 
show that with quinol the direct reaction produces benzoquinone. It is noteworthy that 
these products are what could very reasonably be expected from the sequence of reactions 
just envisaged as following on the production of Ph*CO-O- radicals by the unimolecular 
decomposition ; and indeed, this sequence was assumed originally by Cosgrove and Waters 
to account for the composition of the products. This suggests, though it does not prove, 
that the direct reaction itself produces Ph°CO-O: radicals. 

We may now consider the nature of the direct interaction between phenol and peroxide. 
One possibility * is that a nuclear electrophilic substitution analogous to halogenation 
occurs : 


+ 


+ 0:60-0:C0 _— + 0-60 
Ph Ph 


Ph 
R 


With a p-substituted phenol this would lead to a product of type (1), but it must be ruled 
out on two grounds. First, reaction (6) would be faster in a polar than in a non-polar 
solvent ™ but the actual reaction is considerably slower in dioxan than in benzene or 
chloroform. Secondly, the formation of benzoquinone from quinol indicates that with 
quinol a phenolic hydrogen atom is involved in the reaction and the steric effects discussed 
in the following paper show this also to be the case with other phenols. 

The most obvious way in which the phenolic hydrogen can react with the peroxide is 
by attaching itself to the carbonyl oxygen atom. This could conceivably occur either 
heterolytically or homolytically, viz. : 


Ar‘OH + Pah i aes t sai | i oy . (6) 
h h 
ArOH + oe ———p ArO- + sad a ba a 
Ph Ph 
Reaction (6) amounts to acid-catalysed decomposition of the peroxide by the phenol, and 
consequently is to be rejected since Bartlett and Leffler” have shown that the decom- 


position is only slightly susceptible to acid catalysis. Indeed, the effects of benzoic,!! 
trichloroacetic,™ and probably even sulphuric acid on the rate are very much smaller 


* Suggested by a Referee. 


1 Ingold, “ Structure and Mechanism in Organic Chemustry,’’ Bell, London, 1953, p, 347 
'% Bartlett and Leffler, J. Amer. Chem. Soc., 1950, 72, 3030 
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than those of f-methoxyphenol and quinol which are, of course, very much weaker acids, 
Furthermore, no relation can be discerned between the rates of reaction of different phenols 
(cf. following paper) and their ionisation constants, It appears therefore that we are left 
with the homolytic reaction (7). This reaction is in accord with the second-order kinetics 
and does not conflict with the effect of the solvent or the nature of the products. The 
Ph-CO-O and (mesomeric) ArO+ radicals will be formed within the same “ cage ’’ of solvent 
molecules and combination between them will lead to products of types (I) and (II), In 
other circumstances the Ph-CO-O+ radical may attack another phenol molecule to produce 
a second ArOs radical {reaction (4)] and mutual combination between ArO» radicals will 
give rise to diphenols (III), Benzoquinone is presumably produced from quinol by 
abstraction of the second phenolic hydrogen from the HO-C,H,-O- radical by the Ph-CO-O- 
radical or by disproportionation between two HO-C,H,°O: radicals. Reaction (7) requires 
that 50% or more of the peroxide shall be converted into benzoic acid. In fact, Cosgrove 
and Waters obtained 65% with p-methoxyphenol and yields ranging from 55 to 100% 
with nine other phenols, 

At first sight reaction (7) may appear improbable on energetic grounds, but the following 
calculation shows that it is approximately thermo-neutral. The heat of reaction is 


viven by 
AH ~ [AH BzO+) — AH,(Bzg0,)) +- [AH{ArO+) — AH(ArOH)) + AH,BzOH) (iii) 
}{Dyxo~ove — SHBzq0,)} + (Darou — SH(H’)) + SH,(BzOH) . . (iv) 


where the symbols have their usual significance. Heats of solution are unlikely to alter 
the value of AH by more than ca. 3 kcal. and will therefore be neglected. The 
following values: AH;,(Bz,O,) ~93°5 (Breitenbach and Derkosch ), AH,(H*) = 52 
(Cottrell ®), AH,(BzOH) = 92 (from heat of combination: Prosen and Rossini *), 
Doone = 80 (Swain et al.,? Bawn and Mellish **) and Dy,o—y = 84 keal. mole (value 
for unsubstituted phenol calculated from the oxidation-reduction potential *), when 
substituted in equation (iii) yield the value 2 keal. for AH. The least accurate of the 
above data is presumably the value for Ds,o—y, but this is unlikely to be sufficiently in 
error ™ for AH to exceed the activation energy of 20 kcal. found by Tipper * for phenol 
or even the value of 11 keal, for ~-methoxyphenol found in this work. The assumption 
of reaction (7) therefore does not conflict with thermochemical data. Additional evidence 
for this reaction is provided by the effects of the structure of the phenol on the rate.'® 

It is not unlikely that reaction (7) is preceded by the formation of a hydrogen bond 
between the phenol and the carbonyl oxygen atom. Phenol molecules readily form 
hydrogen bonds with acceptor groups.™ This would explain the fact that the rate is 
lower in dioxan (Fig. 5) and acetophenone than in benzene (Fig. 4), since the former 
solvents can compete more effectively with the peroxide in the formation of association 
complexes with the phenol. In an analogous case *® association between phenol and dioxan 
is sufficiently strong to prevent the phenol from reacting with fert.-butyl chloride. It is 
suggested that the present reaction occurs via the decomposition of a hydrogen-bonded 
complex present in equilibrium concentration : 


| 


Ph 


ArOH aa <= —_ OS. Sooke — ArO’ + HO-¢o + O-GO (7a) 
Ph : 


h h Ph Ph 


This would give rise to second-order kinetics. Evidence for a similar type of reaction 
has been found by Bateman and Hughes * in the thermal decomposition of alkenyl hydro 


* Hreitenbach and Derkosch, Monatsh., 1951, 82, 177. 

*! Cottrell, '' The Strengths of Chemical Bonds,” Butterworths, London, 1954, 
” Prosen and Rossini, Bur. Stand. J. Res., 1944, 33, 439 

* Hush, /., 19563, 2375 

* Liittke and Mecke, Z. Elektrochem., 1949, 68, 241. 

** Hart, Cassis, and Bordeaux, /. Amer. Chem. Soc., 1954, 76, 1639 

** Bateman and Hughes, /., 1952, 4504 
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peroxides. These decompose by a second-order reaction which Bateman and Hughes 


consider to take place as follows : 
RO-OH + : Same == (RO-OH ia en ——& ROO: + o + “OR 
H H H 


It is more difficult to account for the deviations from second-order kinetics which are 
most appreciable at 30° (Figs. 6 and 7). The disappearance of the effect at higher tem- 
peratures suggests that it also is due to some kind of association. Self-association of the 
phenol, however, does not explain the kinetics observed. These can be partly accounted 
for if it is assumed that a complex formed from a peroxide molecule and two phenol 
molecules is present in appreciable concentration and decomposes more rapidly than the 
1: 1 complex, but further investigation of the point is required. Some obscurity in the 
details of the initial interaction, however, does not affect the main conclusion that the 
reaction occurs directly between peroxide and phenol molecules and therefore does not 
depend on the preliminary dissociation of the peroxide or on the propagation of chains, 
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573. Structural Effects in the Reaction between Benzoyl Peroxide 
and Phenols. 


By J. J. Barren 


The rate of the direct reaction between a phenol and benzoyl peroxide 
increases with decreasing strength of the O-H bond. This supports the view 
that the reaction occurs by homolytic transfer of the phenolic hydrogen atom 
to the carbonyl atom of the peroxide. Additional support is provided by the 
fact that steric effects which limit the accessibility of the hydrogen atom 
cause a decrease in the rate. 

The efficiency of a phenol in retarding the chain decomposition of benzoyl 
peroxide induced by dioxan increases as the O~H bond strength decreases. 


THE preceding paper showed that the reaction between comparable concentrations of 
benzoyl peroxide and p-methoxyphenol in an inert solvent occurs mainly by direct inter 
action of the phenol and peroxide molecules, It was suggested that the reaction occurs by 
the transfer of the phenolic hydrogen atom to the carbony! oxygen atom of the peroxide 


ArOH +. Ph-CO-O-—O-COPh —— ArO: + Ph'CO-OH + -O-COPh ¢ . 8 i 


This involves rupture of the O-H bond of the phenol and the O-O bond of the peroxide, 
with formation of a molecule of benzoic acid. Since of these processes only the first 
depends on the structure of the phenol, the rate of reaction of the peroxide with different 
phenols would be expected to increase with decreasing strength of the O-H bond. This 
paper describes an investigation of the effect of the structure of the phenol on the rate of 
reaction, carried out with the object of testing this conclusion. 

A measure of the strength of the O-H bond is given by the 
potential ’’ (F,) of the phenol as defined by Fieser,* a high value of E, corresponding toa 
high bond strength (cf. p. 2960). The reaction rate should therefore increase with 
decreasing E,. The efficiency of a phenol as an antioxidant increases with decreasing 


“ critical oxidation 


1 Batten and Mulcahy, preceding paper 
* Fieser, /. Amer. Chem. Soc., 1930, §8, 5204; see also refs. 3 and 4 
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E,%*® This undoubtedly reflects the influence of the O-H bond strength on the rate of 


the reaction 


a ee ee 


the oxidation chains being propagated by R- but not by ArO- radicals. The chain 
decomposition of benzoyl peroxide which occurs in a reactive solvent such as dioxan is also 
retarded by phenols. This probably arises from a reaction similar to (2) where R- is now 
the benzoate radical or a solvent radical (cf. equations (1) and (2) of preceding paper]. It 
follows that the rate at which a phenol reacts directly with the peroxide should increase in 
a parallel fashion with its efficiency in retarding the chain decomposition. The two effects 
can be compared directly by studying the overall rate of disappearance of the peroxide from 
a reactive solvent over a range of phenol concentrations. As already shown,’ the retarding 
effect on the chain decomposition can be investigated at low phenol concentrations, and 
the rate of the direct reaction at high concentrations. In an unreactive solvent, on the 
other hand, the direct reaction is predominant over almost the whole concentration range, 
but the comparison with the retarding efficiency of the phenol is not available. Moreover, 
as indicated previously, the immiscibility of such solvents with water introduces difficulties 
in the analysis which limit the number of phenols suitable for study. Experiments have 
been carried out with several phenols in three unreactive solvents and with about 20 phenols 
in dioxan. The results establish that the rate of reaction of a phenol with the peroxide 
and its retarding effect on the induced decomposition are in fact related. In general, the 
activity of the phenol in both reactions depends on its critical oxidation potential in the 
expected manner but in some cases steric factors become predominant. 


Experimental.-Solutions of benzoy! peroxide of constant concentration (50 mm) were allowed 
to react for a fixed time (135 min.) at 80-65° in the presence of various concentrations of the 
several phenols, and then analysed for peroxide. The amount of peroxide which had 
disappeared was taken as a semi-quantitative measure of the overall rate of reaction. The 
experimental procedure, analytical methods, and purification of solvents are described in the 
preceding paper. The phenols (and other substances used) were commercial specimens purified 
by conventional methods. M_.p.s agreed well with values in the literature (with three exceptions : 
o-cresol, m, p, 20--30°; m-cresol, m, p. 10-——11°; and l-naphthylamine, m. p. 47—48"). 


RESULTS AND DISCUSSION 


‘igs. 1-4 show the effects of several phenols on the amount of benzoyl peroxide which 
has reacted in the unreactive solvents benzene, acetophenone, and chloroform. The 
phenols differ widely in reactivity; for example, a concentration of 30 mM of l-naphthol is 
sufficient to bring about complete reaction of the peroxide, whereas the effects of phenol and 
p-chlorophenol are inappreciable in the range of concentrations examined. Fig. 4 shows 
that very much greater concentrations of phenol are required to produce an effect 
comparable with that of l-naphthol. -Methoxyphenol and 2: 4: 6-trimethylphenol are 
of intermediate activity. 

The eflects of a wider range of phenols on the rate of disappearance of the peroxide from 
dioxan are shown in Figs. 5a—d. Retardation of the solvent-induced chain decomposition 
is shown by a decrease, and the effect of the direct reaction by an increase, in the amount of 
peroxide which has reacted. Both effects are sensitive to the structure of the phenol. 
Furthermore, the phenols which show a strong retarding effect at low concentrations are, 
in general, those with which the reaction of the peroxide at higher concentrations is most 
rapid. This is exemplified by the behaviour of l-naphthol (Fig. 5a), 2: 4: 6-trimethyl- 
phenol (Fig. 5b}, and 2: 6-dimethoxyphenol (Fig. 5c). On the other hand, with phenols 
such as p-chlorophenol, phenol itself (Fig. 5a), or the cresols (Fig. 56) which retard only 
feebly, there is no sign of an increased rate at higher concentrations in the range examined, 
Che order of activity of the different phenols in the direct reaction is the same as that found 
with the unreactive solvents. This shows incidentally that the weak retardation observed 

* Bolland and ten Have, Discuss. Faraday Soc., 1947, 2, 252. 


* Hush, /., 1953, 2376 
* Lowrey, Egloff, Morrell, and Dryer, Ind. Eng. Chem., 1933, 25, 804 
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Fic. 1. Effects of initial concentrations of 
various phenols on the total amount of 
benzoyl peroxide which has reacted in 

’ benzene. 


@ 1-Naphthol 

[} p-Methoxyphenol. 

x 2:4: 6-Trimethylphenol. 

Aa oe 

VY Phenol, 

A 0-Methoxyphenol. 

@ 2: 6-Di-tert.-butyl-4-methylphenol. 
The results given in this and subsequent 

figures (unless otherwise stated) were 

obtained at 80-65° with reaction time 

135 min., and initial benzoyl peroxide 

concentration =< 50 mM. 
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bic. 2. Lffects of (CO) |-naphthol, (1) p-methosy- 
phenol, and (A) phenol on total amount of 
peroxide reacting in acetophenone. 
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Fic. 3. Effects of (1) p-methoxyphenol and (x) 
2: 4: 6-trimethylphenol on total amount of per- 
oxide reacting in chloroform; T == 60-3”, 
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in dioxan with phenols such as phenol and p-chlorophenol is real and not the result of a 
strong retarding effect offset by relatively high activity in the direct reaction. 

The efficiencies of the phenols as retarders and their activities in the direct reaction may 
be compared with their critical oxidation potentials EZ, This potential is an empirical 
quantity introduced by Fieser * as a relative estimate of the normal oxidation potential of 
the system 

ArOH se ArO- + §H, O... 4 a a 


which generally cannot be measured under reversible conditions because of the reactivity 
of the ArO- radicals. The evidence for its validity has been discussed by Fieser * and by 
Hush.* It is probably safe for comparative purposes to regard it as a measure of the free- 


Fic.'4. Effect of higher concentrations of 
» Range of fig} phenol on total amount of peroxide reacting 
tn benzene. 


83,0. reacted (% 


i —e 4 =e —— | 
005 0/0 O15 020 O25 
Mole fraction of pheno/ 


energy change in reaction (3) and therefore of the activity of the hydrogen atom in reactions 
involving severance of the O-H bond, ¢.g., 


ArOH ——» ArO- + H: , — - 
ArOH + %——® ArO’ + XH... ~ >. » + “alee 


where X is common to a series of reactions. If the entropy change in reaction (4) is assumed 
to be independent of the structure of ArOH, E, can be considered to be a measure of the 
dissociation energy of the O-H bond. 

The efficiencies () of the phenols as retarders, their activities in the direct reaction, and 
values of FE, are listed in the Table. The order is that of the retarding efficiency. The 
choice of the concentration at which to compare the retarding efficiencies is somewhat 
arbitrary : a high concentration is desirable to minimise the effects of consumption of the 
phenol and of possible retardation by products, but this is limited by the increasing rate of 
the direct reaction with increasing phenol concentration, A concentration of 15 mm was 
chosen as a reasonable compromise. The general order of activity, however, is not altered 
if the comparison is made at lower concentrations. The retarding efficiencies have been 
estimated by means of the expression 


» = 100 x (dg ~ A)/(4g — A.) 


where Ag, A, and A, are respectively the amounts of peroxide which disappear in the 
absence of phenol, in the presence of 15 mm-phenol, and when the chain decomposition is 
completely inhibited, ¢g., by p-benzoquinone. The results do not permit more than a 
qualitative estimation of the relative activities of most of the phenols in the direct reaction. 
The phenols have been classified in three groups according to their behaviour in the 
concentration range shown in Figs. 1—3 and 5a—d. The values for EF, are from Fieser.* 
A clear correlation between 7 and E, is evident in the Table. The significance of the 
individual values of » is limited by the approximate method of estimating the rate and 
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probably in some cases by the occurrence of retardation by the products. Nevertheless, 
the correlation between » and E, over the whole range is sufficiently close to leave little 
doubt that it represents a genuine property of the phenols. This shows that the retarding 
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efficiency in this as in other chain reactions depends on the facility with which the phenolic 
hydrogen atom can be abstracted, t.¢., on the strength of the O-H bond. 

The Table shows that activity in the direct reaction runs parallel with the retarding 
efficiency, and therefore indicates that the rate of this reaction is also determined primarily 
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by the strength of the O-H bond.* In agreement with this result the rates of the reaction 
in liquid phenol and in each of the three cresols ® are in the opposite order from the values 
of E, for these phenols. The influence of the structure of the phenol on its activity in 
the direct reaction thus supports reaction (1) as the rate-determining step. 


Relative retarding efficiencies (y) of phenols and rates of direct reaction with benzoyl 
peroxide compared with critical oxidation potentials (E.). 
Activity in Activity in 
direct e direct 
Phenol 7] reaction Phenol reaction 
(juinol . . . Very active Resorcinol . Inactive 
$:4:6 Irumethyiphenol — Active o-Meth ylphenol 
6-Dimethox ee . Very active 2: 6-Di-tert.-butyl-4- 
Naphthol .......... . pe methylphenol 


) Methoxyphenol ‘ . O a p-Methylphenol 
6 a ion + Active? .: 4: 6- Trichlorophenol 1-10 
Naphthol . “~ » Is Active 3: 5-Dimethylpheno! ... 
é Methoxyphenol soe . oO Active? m-Methylphenol 
4-Dimethylphenol ... 0 35 Inactive p-Chlorophenol 
Phenol 


p-Nitrophenol .....:600. | 2:4; 6-Trinitrophenol 


Closer examination of the results reveals two interesting anomalies. The values of E, 
for o- and P-methoxyphenol are almost the same but the ortho-compound is very much the 
less active (cf. Figs. 1 and 5c). The difference is evidently due to a steric effect. It is 
significant that the phenolic hydrogen atom in the ortho-compound forms an intramolecular 
hydrogen bond with the methoxy-group.? This apparently hinders the formation of the 
hydrogen bond between phenol and peroxide which, it was suggested in the preceding paper, 
precedes the transfer of the hydrogen atom. The effect is not evident with 2 : 6-dimethoxy- 
phenol (ig. 5c) probably because it is submerged in the increased activity caused by the 
cond methoxy-group. The low activity of 2 : 6-di-tert.-butyl-4-methylphenol (Figs. 1 
and 5b), which was noted by Cosgrove and Waters,* can also be ascribed to steric hindrance ; 
I’, for this compound is not known but can be predicted to be at least as low as that of 
2:4: 6-trimethylphenol which, however, is considerably more active. The formation of 
intermolecular hydrogen bonds by 2 ; 6-di-tert.-butyl-4-methylphenol is prevented *® and 
its phenolic properties are strongly affected }® by the large tert.-butyl groups adjacent to 
the hydroxyl group. It therefore seems safe to infer that these groups hinder the approach 
of the hydrogen atom to the peroxide molecule. The low activities of this compound and 
of o-methoxyphenol therefore lend added support to the view that the hydrogen atom is 
involved in the rate-determining step. 

Steric effects evidently also influence the rate of reaction of the phenolic hydrogen atom 
with radicals. There is a similar but less marked discrepancy between the retarding effects 
of the o- and p-methoxyphenols on the chain decomposition (Fig. 5c). On the other 
hand, 2: 6-di-tert.-butyl-4-methylphenol strongly retards the induced decomposition, and 
this is in line with its high activity as an anti-oxidant." However, the results shown in 
Fig. 5b suggest that its kinetic behaviour is different from that of unhindered phenols. 

Note on the Products of the Reaction in an Inert Solvent.-It was observed in the preceding 
paper that the products of the direct reaction between the peroxide and p-methoxyphenol 
or quinol cannot be distinguished without further investigation from those to be expected 
from unimolecular association of the peroxide followed by reaction of Ph°CO-O: radicals 
with the phenol. This is also the case with the products obtained by Cosgrove and Waters 
(cf. preceding paper) from the reactions of about ten phenols with the peroxide in boiling 


* No relation could be discerned between the rate and the ionisation constants of the phenols, 


* Hartlett and Nozaki, ]. Amer. Chem. Soc., 1947, 69, 2299 

’ Wall, Liddel, and Hendricks, ibid., 1936, §8, 2287. 

* Cosgrove and Waters, /., 1961, 388 

° Coggeshall, J. Amer, Chem. Soc., 1947, 69, 1620. 

© Stillson, Sawyer, and Hunt, ibid., 1945, 67, 303 

'! Rosenwald, Hoatson, and Chenicek, Jnd. Eng. Chem., 1950, 42, 162 
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chloroform. From the present work, however, it appears that under the conditions 
used by Cosgrove and Waters the direct reaction predominates even with the most inactive 
phenols. This is certainly the case with p-methoxyphenol (A) and 2: 4: 6-trimethyl- 
phenol (B) (cf. Fig. 3) and is at least highly probable with the less active 2 : 6-dimethyl- 
phenol (C). It is noteworthy that each of these three phenols gave a different type of 
product : A gave a compound of type (I) in 40%, yield (based on the phenol), B gave >90%, 
of a compound of type (II), and C gave 50°, of the diphenoquinone corresponding to the 
diphenol (Type III) and 10% of the diphenol itself. The nature of the initial interaction 
between the peroxide and phenol being‘assumed to be the same in each case, it is difficult 
to see how the different products could be formed except as a result of subsequent radical- 
combination reactions as suggested in the preceding paper. Whether, in any particular 
case, like (ArO-) or unlike (ArO- and Ph-CO-O-) radicals combine no doubt depends on steric 
and other factors, but at all events the various products indicate that both kinds of radical 
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are present. This is clearly compatible with the occurrence of reaction (1) as the initial 
step in the reaction. 

Some Other Observations.—The nitrophenols (Table and Fig. 6) are outstanding 
exceptions to the correlation between 4 and E,. However, |: 3° 5-trinitrobenzene is a 
strong retarder (Fig. 6) and it is therefore clear that the retarding effect of nitrophenols is 
mainly due to the nitro-groups. 2: 4; 6-Trinitrophenol reduces the rate to the limit found 
with p-benzoquinone.! The unexpectedly different behaviour of | : 3: 5-trinitrobenzene 
and p-nitrophenol is believed to be genuine but the point has not been pursued. The value 
of n for quinol (79) is omitted from the Table because the retardation is known to be caused 
partly by the product, p-benzoquinone (cf. Fig. 5d). In spite of numerous attempts, | 
reproducible results could not be obtained with catechol. This was shown not to be due to 
traces of air or water or to be peculiar to one method of purification of the catechol but was 
not investigated further. 

The conclusion that benzoyl peroxide reacts directly with phenols suggests a comparison 
with its reaction with aromatic amines. A few experiments were carried out with 
l-naphthylamine and NN-dimethyl-l-naphthylamine in dioxan (Fig. 7), The behaviour 
is at least superficially similar to that of the phenols and, in agreement with the evidence 
produced by Nozaki and Bartlett,* it appears that the primary amine is more reactive 
than the corresponding phenol (l-naphthol, Fig. 5a). However, the high reactivity of 
NN-dimethyl-l-naphthylamine and other tertiary amines ™ has no counterpart in the 


# Nozaki and Bartlett, J]. Amer. Chem. Soc., 1946, 68, 1686 
Horner and Schwenk, Annalen, 1950, §66, 69 
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phenolic ethers.%1% The reaction with tertiary amines is a second-order reaction,® 1 


which according to Horner and Schwenk 4.17 involves a one-electron transfer from amine 
to peroxide. Horner and Schwenk consider that the reaction with primary and secondary 
amines occurs in a similar way, but analogy with the phenols suggests that in these cases 
it may occur at least partly by hydrogen transfer. 
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574. The Anodic Behaviour of Lead in Halide Solutions. 
By G. W. D. Briccs and W. F. K. Wynne-Jones. 


rhe anodic polarisation of a freshly cut lead surface has been carried out 
in HCl, KCl, KBr, KI, and KF solutions. The simultaneous growth of 
crystalline deposits on the electrode was studied by optical microscopy, and 
the relation between the structure of the anodic layers and the form of the 
polarisation curves was investigated. Electrochemical reactions other than 
the formation of lead halides were rarely observed except in iodide solutions. 
rhe results are discussed with particular reference to the passivation of lead 


in sulphuric acid 


fue anodic dissolution of metals under conditions in which an insoluble salt layer is formed 
on the surface has been much investigated, Miller in particular contributing a long series 
of papers ! between 1927 and 1937. However, very little work other than that of Kurtz #* 
has been published on the anodic behaviour of lead in halide solutions, although its passiv- 
ation in sulphuric acid solutions has been studied in detail.4 The present paper describes 
the anodic polarisation of freshly cut lead surfaces at constant current density in a variety 
of halide solutions and includes a study of the crystalline salt layers by optical microscopy. 
Particular attention has been paid to the relation between the growth and structure of these 
layers and the form of the polarisation curves. 


EXPERIMENTAI 

lhe electrodes used were made from lead rod cast in the laboratory. The metal, “ chemical 
lead '' Type A, B.S.S, No. 334/1934, was heated in a 30-c.c, Pyrex beaker to 10—20° above 
its m. p., and drawn up by suction into a glass tube of the required diameter, usually 6 mm. 
This was allowed to cool in air, the glass removed by crushing in a vice, and the rod cut into 
lengths of 1-1-5 cm. A stout copper wire was soldered to one end of the rod, and the whole 
covered with insulating material, the most satisfactory procedure being to apply first a coat of 
Bakelite resin and bake this hard, then a coat of the commercial stopping-off compound 
’ Lacomit Ihe polarising surlace was prepared by cutting a cross section of the rod beneath 
the surface of the electrolyte. lor this purpose the electrode was supported in a closely fitting 
Perspex jig and a single cut made with a sharp steel chisel, Similar methods of surface prepar 
ation have been used by Miiller,: 94 Kabanov,” and Kurtz,* but the exact procedure is not made 
clear by them, We adopted the method described above so as to employ as far as possible 
conditions similar to those used by Kurtz in his work on the Pb~PbCl, electrode. Before use 
the lead surface was covered with fine parallel scratches produced by cutting, some of which 
may be seen in the photomicrograph (Fig. 3d) 

The electrolytic cell employed has been illustrated by Briggs and Thirsk. The essential 

' Eg., Miller, Trans. Faraday Soc., 1931, 27, 737; see Hedges, Ann. Reports, 1934, $1, 129, for list 


of papers to 1934 

* Kurtz, Compt. rend., U.R.S.S., 1935, 8, 305 

* (a) Miller and Machu, Sitzwngsber,. Akad. Wi Wien, 1933, II, 2, 142, 557; (b) Kabanov, Proc 
2nd Conference on Corrosion, Akad, Sci., U.S.S5.R., Moscow, 1943; (c) Jones, Lind, and Wynne-Jones, 
Trans. Favaday Soc., 1954, 60, 972 

* Driggs and Thirsk, ibid., 1952, 48, 1171 


£6 ; Wo Vu ¢-F 
fut aFupys j¢nagv 4aj{P “Ig@M-NC-O (4 


Wo, VU g-L TM-NZO-0 


Ww OL LMONg-O 


[1956 | Behaviour of Lead in Halide Solutions. 2967 


features of its arrangement are that the electrode surface is placed vertically in the solution 
opposite to the end of a glass tube of similar diameter, the latter providing a connection between 
the anode and the cathode compartment of the cell, A silver chloride or silver bromide 
reference electrode was used, either placed in the same solution as the lead electrode or, in the 
case of fluoride and iodide solutions, connected through a salt bridge. A Luggin capillary was 
employed with its tip placed about 1 mm. from the anode surface. 

The polarising circuit was of a simple type in which a constant current was maintained by 
means of a suitably high resistance in series with the cell, the current flowing being measured by 
the potential drop across a standard resistance in the same circuit. 

Solutions were made from ‘‘ AnalaR ’’ potassium halides and saturated with the appropriate 
lead halide by shaking at 40° with the solid compound and allowing to cool to room temperature. 
The lead halides were prepared by addition of potassium halide solution to lead nitrate solution 
and were recrystallised from hot water except in the case of the very insoluble lead fluoride. 


RESULTS 


Polarisation Curves.—-Polarisations were carried out in solutions of hydrochloric acid and 
potassium chloride, bromide, fluoride, and iodide. Concentrations of 0-02Nn to 2n were employed, 
and current densities of 9-2—10 ma/sq. cm., all solutions being saturated with lead halide and 
kept at 20°. A selection of polarisation curves for several halides is shown in Fig. 1, those for 
0-5n-sulphuric acid being included for comparison. 

Microscopic Examination._-Photomicrographs illustrating the growth of lead halide layers 
are shown in Fig. 3. The stages at which electrodes were removed for examination are marked 
by arrows on the polarisation curves in Fig. 1. 

During polarisation, crystalline layers were formed on the electrode surfaces but there was 
little visual evidence for other reactions, apart from occasional intermittent gassing and the 
liberation of iodine in concentrated iodide solutions. 

The polarisation curves showed a variety of forms which are illustrated by the examples 
in Fig. 1. Most of these curves may be regarded as belonging to one of two distinct types. 

In the first type the trace of potential against quantity of electricity is smooth and of small 
slope, curving upwards from the commencement of polarisation but without any abrupt changes 
in direction. These curves were obtained in 0-02N-potassium iodide and 0-02n---2N-potassium 
fluoride solutions (see Figs. 1c, f), and theysometimes seemed to be associated with loose deposits, 
since crystals were often observed to fall from the electrode during polarisation, 

The second type of curve showed an initial period of low overpotential followed by a more 
or less abrupt rise sometimes exceeding 3v. Sometimes this rise was slow and sluggish as, 
e.g., at low current densities in 0-5N-potassium chloride and 0-6n-hydrochloric acid, but 
frequently it was very rapid as in 0-5N-potassium iodide and in potassium bromide at all concen 
trations (Figs. la, b, d). The latter curves were selected for more detailed study on account 
of their resemblance to the polarisation curves for lead in sulphuric acid, examples of which 
are shown in Fig. le. The most striking difference was that in the curves for halide solutions 
a steady potential corresponding to formation of PbO, was not established, but instead the 
potential oscillated rapidly and irregularly. These changes were too rapid and erratic to follow 
with a manually operated potentiometer and so are conventionally indicated in the figures by 
broken lines. On interruption of the current, the potential usually decayed rapidly to the 
equilibrium value for that solution, although irreproducible arrests were sometimes observed 
at about 0-5v positive to this value. 

In those curves which exhibited a sudden jump in potential after a period of low over 
potential dissolution, the quantity of electricity passed through the electrode during the initial 
stage was not constant but increased as the current density was lowered, This may be seen 
clearly in Fig. 1, in which potential is plotted against charge passed, the current being constant. 
The phenomenon has been previously studied for lead in sulphuric acid solutions by Miller 
and Machu * and Kabanov * and a relation of the form i*f constant, sometimes known as 
Peukert’s equation, has been found to connect the current density i with the duration of the 
low overpotential stage of “ passivation time "’ t. Our observations for lead in halide solutions 
could also be fitted to a relation of this type, the index m remaining constant for a given solution 
within the range of current densities employed. If the above expression is rewritten as log 
t = const. — m log i, it is evident that, for values of ¢ and i which fit, the plot of log ¢ against 1 
should be linear with slope —%. Plots of these values are shown in Fig. 2, for 0-5w-potassium 
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iodide and 0-In-potassium bromide, and although individual values of ¢ show a larger scatter 
about 4 mean value, a good approximation to linearity is achieved, Values of », which varied 
between 1-3 and 1-9, are recorded in Table | for several solutions. 
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Apart from varying with the current density in the manner described above, the passivation 
time varied from one electrolyte to another over a wide range of values when the current density 
This is illustrated by the figures collected in Table 2, which show that at a current 


was f:xed, 


density of 1-6 ma/cem,.* the passivation times varied from 26 sec. in 0-5N-potassium iodide 
to nearly 2 hours in 0-02N-potassium bromide. No general correlation of the passivation times 
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with the solubility of the layer-forming salt is possible, however, since our solutions were 
saturated with the appropriate lead compound before use. Moreover, whilst lead sulphate 
and iodide are very much less soluble than the chloride or bromide, it is difficult to quote 
appropriate figures for the solubilities of the lead halides in concentrated halide solutions, as 
it is known from the work of Allmand and Burrage * and Fromherz* that complex formation 
occurs to a considerable extent. 


TABLE I. 

Solution C.D. range (ma/cm.*) Solution C.D. range (ma/em.*) 
2-0n-KBr ’ 0-02n-KBr 1-6—10 
0-5n-K Br . 08-45 
0-In-KBr 4 ‘bn-K O1l—45 


TABLE 2. Passivation time at 1-6 ma/om.* 


Solution in. Solution ¢ (min.) Solution t (min.) 
0-5nN-HCl , 2 0-02n-KBr 
0-5n-KI 
0-6N-KCI + 1% dextrin 12-5 0-In-KBr 


Further insight into the relation between the growth of the crystalline layers and the 
passivation and polarisation phenomena at the electrode was gained by optical microscopy, 
which showed at least three types of layer formation. 

In 0-5n-sulphuric acid and 0-5N-potassium iodide solutions the electrodes were coated with 
crystals of uniform size and shape having diameters of several u (Figs. 3¢, f). These layers 
appeared to spread sideways, maintaining a uniform thickness, until the whole electrode surface 
was covered, at which point the abrupt increase in potential occurred. The passivation times 
in 0:5n-potassium iodide were appreciably shorter than in 0-5n-sulphuric acid at the same 
current density (Table 2) but this can be explained by the fact that the iodide layer was com 
posed of plate-like crystals (Fig. 3f), of which some were inclined obliquely to the surface but 
the majority lay “ flat’’ on the electrode. A similar effect has been noted by Huber’ at 
cadmium anodes in potassium hydroxide solution, The thickness of layer required for covering 
was therefore smaller than for the lead sulphate layer, made up of much more rounded crystals, 
In both these instances chemical passivation with change in electrode process occurs, lead 
dioxide being formed in sulphuric acid solution, and iodine and oxygen being liberated in 
0-5n-iodide solution provided that current density was in excess of about | ma/em.?. 

The layers formed in potassium chloride and bromide solutions were more coarsely crystalline, 
thicker, and of non-uniform structure (Figs. 3a——-d). In most instances there was a fairly abrupt 
change in potential after a passivation period, provided the current density was sufficiently 
high, but this change in potential was not always related to a definite stage in the growth of the 
crystalline layer, Figs, 3a and 36 respectively show a lead bromide layer formed in 0-5n- 
potassium bromide immediately before and immediately after the potential jump had occurred 
It is clear from the photographs that the potential jump coincides with the sudden formation 
of a layer of small crystals near the electrode surface, these crystals filling the spaces between 
the large needles which have grown during the passivation period. In 0-5n-potassium chloride, 
on the other hand, an apparently complete layer was formed on the electrodes before the jump 
in potential occurs. This is illustrated by Fig. 3c, which shows a lead chloride layer formed in 
0-5n-potassium chloride at 1-6 ma/sq. cm. during the period of low overpotential dissolution. 

The influence of layer structure on the behaviour of the electrode is illustrated by Fig, 3d. 
Here the addition of 1%, of dextrin to the 0-5n-potassium chloride electrolyte has caused growth 
during the passivation period to be confined to a few individuals of large size, which show the 
characteristic suppression of crystal faces shown by Miles* to occur when lead chloride 
crystallises from dextrin-containing solutions, The change in the corresponding polarisation 
curves, shown in Figs. lg and A, respectively, are noteworthy. In potassium chloride containing 
dextrin the passivation period is increased by a factor of about 4 and the potential jump when 
it occurs is much more abrupt, especially at low current densities. Apparently, the restriction 
of growth to a few individuals favours the active dissolution of the anode and extends the 


* Alimand and Burrage, J., 1926, 1703. 

* Fromhberz, 2. phys. Chem., 1931, 158, 382. 

7 Huber, /. Electrochem. Soc., 1953, 100, 376. 

* Miles, Proc. Roy. Soe., 1981, A, 182, 266; Phil. Trans., 1935, A, 285, 125 
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passivation period until a sudden crystallisation covers the remaining surface, as in the bromide 
solutions described above, 

In potassium fluoride solutions, the polarisation curves showed no marked discon- 
tinuities, resembling those for the anodic formation of silver chloride on silver as observed by 
Lal, Thirsk, and Wynne-Jones.* The layers, which were made up of small, loosely packed 
crystals, were probably formed by an analogous process of rapid covering, followed by fairly 
uniform thickening. Similar smooth curves associated with loose, coarsely crystalline layers, 
were obtained in 0-02n-potassium iodide (Figs, lc, 3h), but in iodide solutions there was a com- 
plete transition in the phenomenon according to the concentration of the electrolyte. Thus 
the loose crystals obtained in 0-02n-potassium iodide contrasted sharply with the uniform 
coating of small, closely attached crystals formed in 0-5n-potassium iodide, and the corre- 
sponding polarisation curves were strikingly different, those for the more dilute solution sloping 
gently, and those for stronger solutions showing a sharp jump in potential after a flat, low, 
overpotential stage (Figs. le, dj. At the intermediate concentration of 0-IN, the phenomenon 
was extremely complex. The electrode (Fig. 3g) was partly unattacked, partly coated with 
minute crystals, and partly covered by drifts of yellow crystals which formed patches easily 
visible to the unaided eye. The polarisation curves showed no definite form, potentials usually 
being unstable, 


Discussion 

lhe behaviour of metal anodes at which an insoluble salt layer is formed has been 
discussed in detail by Miiller.!. The systems he investigated included lead, copper, and 
iron in sulphuric acid solution, the majority of his experiments being carried out with 
horizontal electrodes at which mechanical loss of reaction products was prevented by a 
shield. Miller suggested that crystals formed by supersaturation of the solution near the 
anode grew sideways over the surface during the low-overpotential passivation period. 
When this covering was completed there was an abrupt rise in the potential of the electrode 
due to the increased current density in the pores of the salt layer, leading, in favourable 
examples such as lead in sulphuric acid, to the production of higher-valency metal 
compounds and oxygen evolution. Kurtz * claimed to have observed this covering process 
at a lead electrode in chloride solution, and it appeared reasonable to assume that some- 
thing similar was occurring in our solutions, The variations in passivation time could 
then be ascribed to differing thickness of the layers at the moment of completion, and also 
to variation in the amount of lead salts lost by convection during the formation of the 
thicker layers. More detailed examination by optical microscopy showed that in some 
instances there was a connection between the type of layer growth and the behaviour of 
the electrode, as shown by the effects of adding dextrin to the 0-5n-potassium chloride 
electrolyte, but the relationship was difficult to follow in detail. It seemed clear that 
whilst “ passivation” of the electrode might coincide with the completion of a visible 
crystalline layer, as in 0-5N-potassium bromide, this was not necessarily true for other 
solutions such as 0-5N-potassium chloride, even though an approximately linear plot of 
log 1 against log ¢ was obtained. 

From our results, the main process occurring in halide solutions appeared to be the 
passage of lead into solution in the bivalent state, with the formation of sparingly soluble 
halide layers on the anode, This might continue indefinitely, although the accumulation 
of halide ultimately gave rise to considerable fluctuating overpotentials which appeared 
to be largely ohmic in character. The effect corresponded to ‘‘ mechanical ”’ or “ covering ”’ 
passivity as defined by Foerster }° and Miller ! rather than to chemical passivity in which 
a change of electrode process occurs. Nevertheless, intermittent gassing was sometimes 
recorded at high current densities together with the occasional production of specks of 
a brown compound, and iodine was liberated in concentrated potassium iodide solution. 

We imagine, therefore, that if the crystalline layer is formed in such a way that much 
of the lead surface is effectively covered and the free flow of liquid over the surface by 
convection is prevented, then at high current densities halogen ion might be so far depleted 


* Lal, Thirsk, and Wynne-Jones, Trans. Faraday Soc., 1951, 47, 70. 
'® Foerster, ‘‘ Elektrochemie Wisseriger Lésungen,” Leipzig, 1923, p. 415. 
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at the base of some of the pores that further dissolution of lead would be restricted at 
these points. The current would then be concentrated on the remaining active parts 
of the surface until, if these were sufficiently reduced in area, the alternative process such 
as oxygen evolution would occur with the formation of a protective surface film and a 
further rapid change in the electrode potential. On the other hand, once dissolution of 
lead had ceased at any point, the halogen-ion concentration would be inereased by mixing 
and diffusion. Since these ions are known from the work of Britton and Evans,!! Hoar, 
and others to induce film rupture, their accumulation would eventually cause breakdown 
of the protective film and a return to active dissolution. This process, which is essentially 
similar to that proposed by Hedges for periodic anodic phenomena, would therefore 
account for the unstable potentials and intermittent evolution of gas which were actually 
observed on electrodes. In view of the complex behaviour observed, such an explanation 
is necessarily tentative, and direct evidence is lacking except insofar as the presence of a 
protective film is suggested by the uneven attack in 0-1N-potassium iodide. We think 
that the lead iodide electrode would merit further study, especially from the point of 
view of determining the relative efficiencies of the anodic processes under conditions in 
which iodine is liberated and in which total or partial passivation of the lead may occur, 


The authors have pleasure in acknowledging the advice and assistance given by Dr. H. R, 
Thirsk in connection with the optical microscopy described in this paper 
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1! Britton and Evans, J., 1930, 1772. 
** Hoar, Trans. Faraday Soc., 1949, 45, 683. 
Hedges, /., 1928, 969; 1929, 1028. 


575. <A Synthesis of (+ )-Pulegone. 
By C. Brack, G. L. BucHANAN, and (Miss) A. W. JaRvir. 
(-+-)-Pulegone has been synthesised from 3-methyleyclohexanone 


PuLEGONE (VI), the main constituent of pennyroyal oil, has been obtained by transform- 
ation of citronellal! or of citronellic acid,? but no direct synthesis has been reported ; 
Wallach’s initial claim * that pulegone could be prepared from. acetone and 3-methyleyclo- 
hexanone (I) was later withdrawn.4 We have found that by protecting the carbonyl group 
with a cyclic ketal, the 6-oxo-ester (III) can be simply converted into (4-)-pulegone (VI). 
The oxo-ester (III), obtained from 3-methyleyclohexanone (1) via the glyoxylic ester (11) 
by a modification of Kétz and Hesse’s method,® was converted into the ketal (IV), the 


A A 
$n: 


(I); ReH (LV); R =» CO,Et 
(If); R = CO-CO,Et (V); R «= CMeyOH 
(III); R = CO,Et 


progress of this final step being followed by the value of log « at 255 my. The pure 
ketal (IV), in contrast to the oxo-ester (III), gave no colour with alcoholic ferric chloride 
and showed no infrared absorption at 1710—-1610 cm.'. It was treated with two mols. 
of methylmagnesium iodide, and the mixture was decomposed under mild conditions in the 


1 Tiemann and Schmidt, Ber., 1896, 29, 913; 1897, 30, 22 

* Bardhan and Bhattacharyya, Chem. and Ind., 1951, 800; Kuln and Schinz, Helv, Chim, Acta, 
1953, 36, 161. 

* Wallach, Annalen, 1898, 300, 268 

* Idem, ibid., 1912, 394, 380 

5 Kétz and Hesse, ibid, 1905, 342, 315 
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expectation of isolating the alcohol (V). The product, however, showed unexpected 
absorption in the ultraviolet region (Amar, 254, log ¢ 2-41) and it was assumed that partial 
hydrolysis and dehydration to pulegone (VI) had occurred. Treatment with dilute acid 
completed this step, yielding an oil whose infrared spectrum showed, in addition to all the 
expected bands of pulegone, absorptions at 1706 and 888cm.~?. These may be assigned to 
non-conjugated “C=O and SC=CH, groups, respectively, and suggest the presence of a 
smal] amount of isopulegone (VII). Moreover, the oil afforded a mixture of two isomeric 
2: 4-dinitrophenylhydrazones. One was identical in m. p., mixed m. p., and infrared 
spectrum with the same derivative of natural (+-)-pulegone, and as expected its maximum 
of longest wavelength occurred at 377 my (log « 4-34). The other isomer showed this 
maximum at 366 my (log ¢ 4-74), a value to be expected from the 2 : 4-dinitrophenyl- 
hydrazone of the unconjugated ketone, isopulegone (VII). 

It has already been shown * that isopulegone is isomerised to pulegone by alkaline 
reagents, and when the above oil was treated with sodium ethoxide, it gave an analytically 
pure product, whose infrared spectrum was identical with that of natural (+-)-pulegone. 
Both samples still showed weak absorption at 1706cm.-!. Synthetic (+)-pulegone 2 : 4-di- 
nitrophenylhydrazone was identical in mixed m. p. and infrared spectrum with the 
derivative from the natural product. 


EXPERIMENTAL 


Ultraviolet absorption spectra were measured on a Unicam S.P. 500 spectrophotometer and 
infrared spectra on a model 13 Perkin-Elmer double-beam instrument. 

Ethyl 4-Methyl-2-oxocyclohexanecarboxylate (111).—-The glyoxylic ester (II) was prepared * 
by the condensation of ethyl oxalate and (4)-3-methyleyclohexanone, catalysed by sodium 
ethoxide. However, our product was isolated by- distillation at 158—163°/14 mm. The 
product (62%, yield), n'* 1-481, gave a red colour with alcoholic ferric chloride. 

The glyoxylic ester (Il) (60 g.) and powdered glass (15 g.) were heated at 150° till the 
evolution of gas ceased (ca. 30 min.); the mixture was exhausted with benzene and the 2-oxo- 
ester (111) obtained in 90%, yield; it had b, p, 120-—122°/15 mm., n? 1-476; ultraviolet 
absorption, Ay, 255 (log ¢ 392); infrared bands at 2040, 1740, 1715, 1660, 1613, 1272, 
1212 cm.", The 2: 4-dinitrophenylhydrazone had m. p. 136° (ethanol) (Found: C, 52-7; H, 
5645; N, 15-4. CygHgO,N, requires C, 62-7; H, 5-5; N, 15-4%). 

Ethyl 2-Ethylenedioxy-4-methyleyclohexanecarboxylate (1V).—The oxo-ester (III) (90 g.), 
ethylene glycol (60 g.), and toluene-p-sulphonic acid (0-5 g.) in dry benzene (180 ml.) were 
refluxed in a 700-ml. flask fitted with a Dean-Stark water separator.’ After 40 hr., separation 
of water was complete, benzene (50 ml.) was added, and the solution was washed with water, 
sodium carbonate solution, and again with water till the washings were neutral. The benzene 
was removed in vacuo, and the ketal was distilled (twice) at 132—134°/10 mm. (Found: C, 62-8; 
H, 86. Cy,H,O, requires C, 63-16; H, 88%). The purest sample still showed some absorption 
at 255 my (log e 1-05); infrared bands at 20560, 1730, 1183 cm.~, 

(+4)-Pulegone (V1).--The ketal (IV) (16 g.) in dry ether (60 ml.) was added slowly, with 
mechanical stirring, to the Grignard reagent prepared from magnesium (4:26 g.) and methyl 
iodide (24 g.) in dry ether (ca, 100 ml.), The mixture was refluxed for 2 hr. and then decomposed 
with ammonium chloride (40 g, in 200 ml. of water), The ether layer was washed, dried, and 
concentrated, and the product distilled at 117°/10 mm, (yield 11 g.). This is probably a mixture 
as light absorption (Aq «, 254; log e 2-41) and analytical data are inconsistent with structure (V) 
(Found: C, 678; H, 93 Cale. for C,,HO,: C, 67-3; H, 10:3%). The substance gave no 
colour with alcoholic ferric chloride solution, but immediately decolorised aqueous potassium 
permanganate, 

This product (11 g.) in methanol (80 ml.) and water (55 ml.) was treated with concentrated 
hydrochloric acid (1 ml.) on the water-bath for 2 hr. The solution was then cooled and 
neutralised with sodium hydrogen carbonate, and the bulk of the methanol removed under 
reduced pressure. The residual oil was distilled, and the fraction, b. p. 200-—-220°, refractionated. 
The fraction, b. p. 220-—222°, gave a mixture of 2: 4-dinitrophenylhydrazones separable by 
fractional crystallisation into: (a) crimson needles (ethanol) (Found; C, 58-0; H, 6-2; N, 16-8. 


* Hugh, Kon, and Linstead, /., 1927, 2585. 
* Org. Synth., 1943, 28, 38, 
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Calc, for C,,H,O,N,: C, 57-8; H, 60; N, 16-90%), m. p. 148°, undepressed when mixed with 
(+-)-pulegone 2: 4-dinitrophenylhydrazone, Its infrared spectrum was identical with that of 
the latter; max. of longest wavelength, 377 my (log « 4-34); (6) yellow needles (ethanol), m. p. 
141° (Found: C, 681; H, 5-9; N, 17-1%); max. of longest wavelength, 365 my (log « 4-47). 
The above oil was isomerised with 25% alcoholic sodium ethoxide,* and pure (-+)-pulegone 
isolated by dilution, and ether extraction; it had b. p. 220-——222°, nif 1.4846 (Found ; C, 78-7; 
H, 10-2. Calc. for C,gH,,O: C, 78-9; H, 105%); infrared bands at 2917(s), 1706(w), 1678(s), 
1611(m), 1448(m), 1372(w), 1342(vw), 1288(s), 1206(s), 1130(w), 1096(vw), 1034(vw), 936(vw), 
875(vw) cm.“ This purified material yielded a 2: 4-dinitrophenylhydrazone, m, p. 148° 
(Found : C, 57-7; H, 5-9; N, 16-8. Calc. for C,,H,,O,N,: C, 57-8; H, 60; N, 16-90%), which 
was identical in mixed m. p. and infrared spectrum with the same derivative of (+ )-pulegone. 
(+)-Pulegone (by J. K. SuTHERLAND).—-The product was isolated from oil of pennyroyal by 
Baeyer and Heinrich’s method.* It had b. p. 222°; 2: 4-dinitrophenylhydrazone, m. p, 142°, 


The authors are indebted to Mr. J. M. L. Cameron and Misses M. W. Christie, S. U, Watt, 
and A, McMillan for the microanalyses, and to Dr. G, Eglinton for advice in interpreting the 
infrared spectra. 


Tue University, Grascow, W.2. [Recetved, February 27th, 1956.) 
* Baeyer and Heinrich, Ber., 1895, 28, 652. 


576. The Isomeric Eudeamols and their Association with 
Carissone in Eucalyptus macarthuri. 
By F. J. McQuiiiiw and J. D. Parrack. 


Eudesmol from Eucalyptus macarthuri has been separated into the known 
a- and §-isomers and a third, synthetic y-isomer has been characterised, 
Carissone has been shown to accompany eudesmol in this material, and has 
been synthesised unambiguously from a-eudesmol, 


Tue bicyclic sesquiterpene alcohol, eudesmol, C,,H,,0, which has been isolated from a 
number of sources,'*»* although crystalline, shows rather wide variation in melting point 
and specific rotation. Some r epresentative figures are given in Table 1. It was shown 


by Ruzicka and his co-workers * that highly purified eudesmol consists of a mixture of «- 
and @-isomers (I and II), apparently in proportions varying with the source. The ring 
fusion in eudesmol has been shown to be trans,® and the absolute configuration established 
by correlation with the steroids.* Separation of the pure isomers has not, however, been 
reported. 
TABLE 1. 
Source M. fa} Ref, 

Eucalyptus macarthuri 

Machilus kusanot 

Melaleuca uncinata 

Leptospermum flavescens 

Balsamorrhiza sagittata ......cccccscorecseceevececeves : 

* Penfold, J. Proc. Roy. Soc. New South Wales, 1925, 59,124. ° Idem, ibid., 1921, 66, 178. 


a- and #-Eudesmol may clearly be characterised by their different infrared absorption. 
We therefore examined the chromatography of material from Eucalyptus macarthuni by 
this means. On biogenetic grounds we were interested to examine also any ketonic con- 
stituents of the crude material since carissone, recently characterised by Mohr, Schindler, 


? Simonsen and Barton, “ The Terpenes,” Cambridge Univ. Press, 1952, Vol. LIT, p, 146, 

* Beilstein, ’ Handbuch der organische Chemie,” Vol. V1, ye sup 1944, p 110 

® Gardner and Horton, |. Amer. Chem. Soc., 1955, 77, 3646; t Vonoeeny, 2 ibid, 1930, 562, 3466. 

* Ruzicka, Wind, and ihaas, Helv, Chim. Acta, 1931, 14, ‘iss. 

* Barton, Chem. and Ind., 1953, 664; cf. Klyne, ]., 1953, 3080; Birch and Mostyn, Austral. J. 
Chem., 1954, 7, 301. 

* Riniker, Kalvoda, Arigoni, Fiirst, Jeger, Gold, and Woodward, /. Amer. Chem, Soc., 1964, 76, 
313. 
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and Reichstein 7 and shown by Barton and Tarleton * to have the structure (III), may be 
regarded as an oxidation product of eudesmol. 

Chromatography, on alumina, of eudesmol from E. macarthuri gave on elution, first, a 
liquid aleohol, Cy,H,,O, in small amount, followed by crystalline material of [a}p +4-33° 
corresponding with samples of eudesmol previously described. This in turn was followed 
by material of gradually increasing optical rotation showing increasing absorption at 
890 cm.-* (SC©CH,) due to @-eudesmol. The most strongly absorbed material was found 
to be ketonic, and on rechromatography gave two ketonic fractions, one dextro- and one 
levo-rotatory. 

The first ketonic fraction, [a], + 126°, gave analyses for C,,H,,0,, showed ultraviolet 
absorption maxima at 250 my (¢ 14,700) and 311 my (e 95), and gave a 2 : 4-dinitrophenyl- 
hydrazone, m. p. 173-174", [a]p +540°, Amex, 262 my (e 15,500) and 393 my (e 25,400). 
These characteristics correspond with those given for carissone,* confirming our expectation 
that carissone might be a concomitant of crude eudesmol. The smaller, levorotatory 
ketonic fraction was not obtained pure. It showed infrared frequencies at 3490 and 


| 
1168 cm.-! (OH) and at 1703 and 1681 em. (C=O apd SC=C-CO-), with ultraviolet 
absorption at 254 my corresponding with the latter. 

The eudesmol fraction, [a|p) +-33°, chromatographed further, gave almost pure 
«-eudesmol, m, p. 81——-82°, [a|p +-30-5°, showing strong infrared absorption at 3022 and 
799 cm."', with only small bands at 3080 and 885 cm.!. A very similar product, [«)p 
| 31-7°, was obtained directly by tenfold recrystallisation of crude eudesmol, but 
appreciable absorption at 885 cm.~! was still present. Removal of the last traces of 
4-eudesmol by crystallisation therefore appears to be difficult. 


ci"} 
(VI) (Vil) 


In the eudesmol crystal, hydrogen bonding will be a major force: in the infrared 
spectrum a broad associated-hydroxy! band is observed in the 3490 cm.~! region in carbon 
disulphide solution. Moreover, the minor difference between structures such as (I) and 


TasLe 2. LEudesmol isomers. 
Infrared absorption * 3 : 5-Dinitrobenzoate 


ee ~—e | oa — ~~) 
Isomer M.p {a)p vCH vl=C eCH M. p falp At 
a 75° + 28-6° 3016 1€45 802 (712) 102-—103° +31-4° + 67-1° 
B 76 + 63-8 3072 1642 BBY 136-137 }- 23-8 — 42-6 
y 462-6 iat (1640) (818, 795, 763) 105—106 +4730 +1649 
* Cf. Figure.  Molecular-rotational change on dinitrobenzoylation., 
(11) will readily allow of mixed-crystal formation. Eudesmol esters were therefore 
examined as a means of separation of the isomers. The known acetate * and benzoate ‘ are 
liquid. We have used the 3: 5-dinitrobenzoate, and by crystallisation have isolated the 
different esters. Hydrolysis of these gave pure a- and $-eudesmol with the properties 
noted in Table 2. Both isomers absorbed hydrogen equivalent to one double bond, to give 
’ Mohr, Schindler, and Reichstein, Helv. Chim, Acta, 1954, 37, 462 ‘ 
® Barton and Festaton, I. 1954, 3402, 
Semmiler and Tobias, Ber., 1913, 46, 2026 
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dihydro-derivatives identical in infrared spectra and corresponding with the known dihydro- 
eudesmol.* Eudesmol is regarded as being hydrogenated from the «-face of the molecule,’ 
leading to a dihydro-derivative (IV). 

It will be noted from the melting points that «- and $-eudesmol form a mixed crystal, 
or series of mixtures, of higher melting point than either of the pure isomers, emphasising 
the difficulty of purification by crystallisation. 

By strong ultraviolet irradiation in benzene solution, the mixed eudesmol isomers are 
converted compietely into the @-form (II). This is regarded as a less stable isomer 
(cf. discussion by Brown, Brewster, and Shechter,!® and the exo- —» endo-cyclic isomeris- 
ation of di- and tri-terpenes containing the exocyclic methylene group !'). Formation of 
less stable isomers by strong illumination is known to occur." 
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Infrared absorption spectva of (a) a-eudesmol and (b) B-eudesmol (both 35 mg./e.e. ; 
(c) y-eudesmol (liquid film; 0-05 mm 


(These spectra have been made available to Butterworths Lid. for the DMS publication.) 


0:2 mm. cell) and 


Semmler and Risse ™ reported the preparation of a liquid isomer of eudesmol by careful 
hydrolysis of the selinene dihydrochloride,‘ m. p. 74°. We have confirmed this, and by 
purification through the 3: 5-dinitrobenzoate this third “ y "-isomer has been charac- 
terised. This isomer resisted hydrogenation in neutral solution, but in acetic acid gave the 
known dihydroeudesmol. The infrared absorption of y-eudesmol is characteristic of 
substances containing a fully substituted double bond, with only weak bands in the 700— 
900 cm.~* region similar to those found in dihydroeudesmol. It is therefore regarded as 
having structure (V) formed from a dihydrochloride (VI) by the expected elimination and 
hydrolysis. 

Ayer and Taylor “ report the isolation of carissone (I11) in small yield as the 2 : 4-di- 
nitrophenylhydrazone on successive action of nitrosyl chloride, sodium ethoxide, and 

%” Brown, Brewster, and Shechter, ]. Amer. Chem. Soc., 1954, 76, 467. 

1! (a) Ames, Beton, Bowers, Halsall, and Jones, /., 1954, 1908; (+) Barton and Overton, J., 1965, 


2643, 
Cf. Crombie, Quart. Rev., 1952, 6, 101. 
Semmier and Risse, Ber., 1912, 45, 3301; cf. ref. 4 
Ayer and Taylor, /., 1955, 3027. 
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alcoholic hydrogen chloride on eudesmol. No intermediates were isolated. When their 
work was reported we had already examined these reactions and obtained chloronitroso-«- 
eudesmo! and carissone oxime crystalline in satisfactory yield. Generation of nitrosy! 
chloride in situ for reaction with eudesmol leads to complex side reactions. Using ethy! 
nitrite with hydrochloric acid in ether or acetic acid we obtained, like Ayer and Taylor, 
only non-crystalline material from which in various experiments we were able to isolate as 
solid products a dichlorodinitrososelinane and a chlorodinitrososelinene in smail yield, 
and the 2: 4-dinitrophenylhydrazone of a dichloroselinanone. With gaseous nitrosyl 
chloride in dry ether, however, the nitrosochloride may be obtained from «-eudesmol in 
good yield, and then dehydrochlorinated quantitatively by pyridine in acetone. From the 
ease of dehydrochlorination the nitrosochloride appears to have the structure (VII). 

Carissone oxime has not previously been described. The molecular-rotation change, 
carissone — oxime (+490-8°), is similar to the corresponding value for a-cyperone '® 
(+ 60-6"), in agreement with the corresponding configurations.* 


EXPERIMENTAL 


Optical rotations were measured in CHCl, and ultraviolet absorption spectra in EtOH, 
unless otherwise stated, Infrared absorption spectra were determined in CS, solution or as 
liquid films (0-05 mm.) as appropriate. 

Purification of Eudesmol,—-(i) Tenfold recrystallisation of crude eudesmol from the oil of 
FE. macarthuri from aqueous acetone, followed by sublimation in vacuo, gave material, m. p. 
83-5°, (a), + 31-7° (¢ 2-42) (Found: C, 80-95; H, 11-7. Calc. forC,,H,,O: C, 81-1; H, 11-7%). 

(ii) Crude eudesmol, m, p. 60-—65° (20 g.), in light petroleum (b. p. 60-——80°; 150 c.c.) was 
chromatographed on alumina (600 g.), Elution with light petroleum yielded ; (a) an oil, b. p. 
120--123°/1 mm. (90 mg.), nif 15325, d,,,, 246 mp (e 13,000) (Found: C, 81-45; H, 11-0. 
Calc. for C,,H,O: C, 81-76; H, 110%); (6) crystals (2 g.), m. p. 79—81° after sublimation 
in vacuo, (a), + 33-0° (¢ 2-69). Light petroleum—benzene gave (c) crystals (13 g.), m. p. 78-—79°, 
after sublimation in vacuo, [a], + 485° (c 2-01). Ethanol (400 c.c.) eluted (d) a ketonic oil 
(4 g.) 

Fraction (b), rechromatographed on alumina (100 g.), with light petroleum (b. p. 60—-80°) 
gave as main product a eudesmol, m. p. 81—82°, [a], +30-5° (¢ 195) (1-2 g.). This material 
absorbed strongly at 3022 and 799 cm. but only weakly at 3075 and 885 cm.~, i.z., it is regarded 
as essentially «-eudesmol, 

The ethanol eluate (d) (4 g.), on alumina (100 g.), eluted with benzene gave: (i) eudesmol 
(1-6 g.); (ii) a colourless glass (0-3 g.), b. p. 123-—-125°/0-15 mm., [a], + 126° (c 0-38), mf? 15274, 
vay 250 mu (e 14,700), 311 my (e 95) (Found: C, 76-1; H, 10-5, Calc. for C,,H,,O,: C, 76-2; 
H, 10-25%). Mohr, Schindler, and Reichstein’ give for carissone [a], -+- 136-6°, 2,,, 250 my 
¢ 16,000) and 308 my (e 91). The 2: 4-dinitrophenylhydrazone formed needles (from chloro- 
form-dsopropy! ether), m, p, 173-——-174°, [a], + 540° (¢ 0-17), Age, 262 my (¢ 15,500) and 393 my 
(e 25,400) in CHCl, (Found; C, 60-4; H, 6-8. Calc. for C,,H,,O,N,: C, 60-55; H, 69%). 
Barton and Tarleton * give for carissone 2; 4-dinitrophenylhydrazone, m, p. 174—175°, (a}p 
| 638°, Ana, 392 my (e 26,000) in CHCI,. 

Elution with benzene containing 2--5% of chloroform gave an oil (0-2 g.), b. p. 107— 
110°/0-05 mm., [a]y —62-3° (c 0-84), ni? 1-5272, 2,,,, 254 my (ce 14,600), inflexion at 310 my 
(ec 398) (Found: C, 75-8; H, 108%), whose 2: 4-dinitrophenylhydrazone had m. p. 142-——145° 
(Kofler block) after chromatography on alumina (10 g.) and elution with benzene containing 
5% of ether, d.4,, 262 my (¢ 18,300) and 398 my (e 25,500). 

Elution with benzene containing 10% of chloroform gave a non-ketonic gum (0-4 g.), b. p. 
130 135°/0-06 mm., nif 15203, (a), + 28°4° (¢ 2-70), insoluble in light petroleum and in alkali, 
unsaturated to tetranitromethane, and showing no strong ultraviolet absorption; this may 
be an unsaturated diol (Found; C, 75-8; H, 11-1. Calc. for C,,H,,O,: C, 75-6; H, 11-0%). 

Ultraviolet Irradiation of Eudesmol.--Material from fraction (c) above ([a], -+-48-5°; 0-7 g.), 
in benzene (26 c.c.) was irradiated in a quartz tube by a mercury-vapour lamp. The optical 
rotation rose to a constant value, [a], + 62°, after 50 hr. The recovered material, in ether, was 
washed with sodium hydroxide solution and with water, and the residue chromatographed on 
alumina (20 g.), elution being with light petroleum to give: (a) colourless oil (20 mg.), b. p. 135— 
139°/14 mm., nif 14975, unsaturated to tetranitromethane, but showing no ultraviolet 


'® Howe and McQuillin, J., 1955, 2423. 
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absorption (Found: C, 86-9; H, 13-0. Calc. for C,,H,,: C, 87-25; H, 12-76%). Ruzicka, 
Wind, and Koolhaas‘ give b. p. 130—133°/10 mm., n® 1-4972, for dihydroselinene; 
(b) B-eudesmol (0-6 g.), m. p. 75-5—-76° after sublimation in vacuo, [a},, + 65-1° (¢ 2-84) (Found ; 
C, 81-2; H, 11-55%). ‘This material absorbed strongly at 3080 and 885 cm., showing no 
absorption at 3020 or 799 cm."}, . 

Separation of Eudesmol Isomers as their 3 : 56-Dinitrobenszoates.—(a) Eudesmol, m. p. 80-—-82°, 
[aly +35° (3-0 g.), in dry pyridine (15 c.c.) and dry benzene (15 c.c.) with 3; 5-dinitrobenzoyl 
chloride (6-2 g.) was warmed on the water-bath for 3 hr. The product, triturated with light 
petroleum, afforded a solid (5-0 g.) which by crystallisation from light petroleum (b. p. 60——-80°) 
and then from benzene-light petroleum (b. p. 60-—-80°), gave f-ceudesmyl 3 : 5-dinitrobenzoate 
(0-8 g.), prisms, m. p. 136—137°, [a], + 23-8° (c 2-06) (Found: C, 63-6; H, 6-95, C,,H,,O,N, 
requires C, 63-5; H, 676%); further elution gave a-eudesmyl 3: 5-dinitrobenzoate (1-1 g.), 
forming needles, m. p. 102—103°, [a], +31-4° (c¢ 2-11), after repeated crystallisation from 
aqueous acetone or light petroleum (b, p. 60-—-80°) (Found ; C, 63-55; H, 7-1%). 

(b) 6-Eudesmy! 3 : 5-dinitrobenzoate (0-2 g.) with 5% potassium hydroxide in 25% aqueous 
methanol (8 c.c.) was warmed on the water-bath for 5 hr. The product, when sublimed 
in vacuo, gave $-eudesmol (0-1 g.), m. p. and mixed m. p. with the material from ultraviolet 
isomerisation 75-5-—76°, {a}, + 63-8° (c 1-90) (Found: C, 80-9; H, 11-55%). 

a-Eudesmyl| 3 : 5-dinitrobenzoate (0-13 g.), treated similarly, yielded a-eudesmol (60 mg.), 
m. p. 75°, [a]y +28-6° (c 1-86) (Found : 80-85; H, 11-55%). 

y-Eudesmol.—Selinene dihydrochloride, m. p. 73-—-74° (needles from methanol), [a], + 18-7° 
(¢ 0-70), was obtained in 70% yield from recrystallised eudesmol by the method of Ruzicka, 
Wind, and Koolhaas * who give m. p. 74-—-75°, [a], + 20°. 

The dihydrochloride (0-5 g.) was heated at 95° for 3 days with calcium oxide (0-4 g.) in water 
(15 c.c.) and ethanol (1 c.c.). The product, in ether, was washed with water, and distilled, 
having b. p. 80—84°/0-1 mm., n¥ 1/5103, [a], +55-6° (c 2-33) (Found: C, 80-906; H, 12:1%). 
The infrared spectrum of the alcohol showed some termina! methylene absorption. y-/udesmyl 
3: 5-dinitrobenzoate, prepared as for the other isomers, formed needles, m. p. 105-—-106°, [a], 

}+-73-0° (¢ 1-05), from light petroleum (b. p. 60—-80°) (Found: C, 63-6; H, 7:1%),. 

This 3: 5-dinitrobenzoate (0-2 g.), when hydrolysed as above, gave y-eudesmol. b. p, 83-— 
86°/0-1 mm. (90 mg.), [a], +62-5° (¢ 0-73), ni? 16087 (Found: C, 80-75; H, 11-85%). The 
infrared spectrum (cf. Figure) showed no terminal methylene absorption. 

Hydrogenation of Eudesmols,—Hydrogenated in the presence of Adams platinum oxide 
(5%), each eudesmol isomer smoothly absorbed 1 mol., giving a crystalline dihydro-derivative 
with the properties shown. 
Dihydro-derivative Found (%) 
Isomer Solvent M. p. fa}p Cc H 

a EtOH 82-5-—83-5° +15-6° (e 1-76) 80-0 12-56 
B be $2-56—83-5 +150 (e 2-92) 80°15 12-6 


y AcOH 82-5 +165 (e 2-17) 80-15 12-3 
Cale. for C\sHy9O: 803 12-55 


Reaction of Eudesmol with Nitrosyl Chloride.(a) Ethyl nitrite and hydrochloric acid, 
Recrystallised eudesmol and ethyl nitrite in ether were treated at — 10° with ethereal hydrogen 
chloride (3 mols.). From the washed and dried solution only a viscous green mass was obtained, 
from which a small amount of solid material, m. p. 118--120° (decomp.), was isolated by means 
of ether-light petroleum (Found : C, 54:1; H, 7-0. C,,H,,O,N,CI, requires C, 53-8; H, 7:1%), 
corresponding to a dichlorodinitrososelinane. In another experiment a small yield of a chloro- 
dinitrososelinene, m. p. 98°, was isolated (Found: C, 60-1; H, 80. Cy,H,,O0,N,Cl requires 
C, 60-2; H, 78%). The remaining non-crystalline material, by means of 2 : 4-dinitrophenyl- 
hydrazine, gave a derivative, m. p. 155° (from alcohol-ethyl acetate), corresponding to 
that of a dichloroselinanone, together with other products (Found; C, 534; H, 5-7. 
Cy,Hy,O,N Cl, requires C, 53-4; H, 59%). 

(b) Nitresyl chloride. Freshly prepared nitrosyl chloride (2 g., 3 mols.) in dry ether (20 c.c.) 
was added rapidly to a-eudesmol (2 g.) in dry ether (20 c.c.) with cooling (ice-salt). The solution 
was kept overnight at 0°, solvent removed in vacuo at 20°, and the blue-green oil remaining 
dissolved in acetone (2-5 c.c.). Light petroleum, added dropwise with vigorous stirring, 
precipitated a colourless microcrystalline powder (0-8 g,), which afforded (-+-)-46-chloro-3-nitvoso- 
eudesman-11-ol as needles, m. p. 85-6—86°, from benzene-—light petroleum (b. p, 100—-120°) 
(Found : C, 62:3; H, 93. C,sH,gO,NCI requires C, 62:6; H, 09-05%). 

Carissone Oxime.—-The nitrosochloride (250 mg.) in acetone (5 c.c.) was refluxed for 2 hr. 
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with dry pyridine (0-4 ¢.c.), Addition of water precipitated a solid (195 mg.) which afforded 
(-+-)-3-hydroxyiminoeudesm-4-en-11-ol as colourless needles, m. p. 148—149°, from light 
petroleum (b. p, 100—120°), (a), + 165° (¢ 0-73), Anas 243 my (¢ 16,700) (Found: C, 71-3; H, 
10-05, CygH_,O,N requires C, 71-6; H, 10-05%). 

Carissone 2: 4-Dinitrophenylhydrazone.—The oxime, with 2: 4-dinitrophenylhydrazine in 
alcoholic hydrogen chloride, yielded the 2: 4-dinitrophenylhydrazone which was chrom- 
atographed on alumina (4 g.) and eluted with benzene; it had m. p. and mixed m. p. 174—175° 
(needles from chloroform-—isopropyl ether), [a], +536° (¢ 0-31), Aug, 394 mz (e 25,000), 262 my 
(c 16,500) (Found ; C, 603; H, 7-1. Cale. for C,,H,,O,N,: C, 60-55; H, 6-9%). 


One of us (J. D. P.) is indebted to the Department of Scientific and Industrial Research for 
anaward, We thank Miss S. Robinson and Mr. R, EF. Dodd for the infrared determinations, and 
Professor G. K. Clemo, F.R.S., for a gift of eudesmol and for his interest in the early stages of 
this work. 
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577. The Diffusion in Water of Some Association Colloids and 
Solubilised Materials. 


By N. Brupnery and L. SAunpERs. 


The diffusion of sodium cholate and potassium decanoate in water has 
been studied by the Gouy interference method at less than the critical 
concentrations for micelle formation. Small changes of integral diffusion 
coefficient with concentration were found with breaks in the diffusion co- 
efficient-concentration curve at known concentration limits. The diffusion 
rates of n-decyl and n-dodecyl alcohol and of lecithin solubilised in solutions 
of sodium dodecyl sulphate reveal monodispersion in association colloid 
solutions saturated with solubilised material. 


EARLIER measurements ? showed the extremely low values of the diffusion coefficients 
of clarified lecithin sols, Recently, variation of the diffusion coefficient with concentration 
for the materials used to clarify these sols has been reported.* * 

The Gouy method has been fully described elsewhere.“* The theory of the method 
used in the calculation of diffusion coefficients is that outlined by Kegeles and Gosting ® 
and by Gosting and Onsager 7 for single solutes, and by Akeley and Gosting * for mixed 
solutes. The complete theory of the Gouy method used in the present work has been 
reviewed recently by one of us.® 

McBain !° has recently described solubilisation as the “ spontaneous passage of solute 
molecules of a substance insoluble in water into an aqueous solution of a soap or detergent 
in which a thermodynamically stable solution is formed” (for reviews see Klevens,™ 
Winsor, and McBain and Hutchinson ™), The mode of solubilisation depends on the 
chemical nature of the material solubilised, and for the amphiphilic materials used in the 
work reported here the locus of solubilisation is the palisade layer of the micelle. 


' Saunders, J., 1963, 1310, 

* Lrudney and Saunders, /., 1955, 2916, 

* Idem, Pharm, Pharmacol., 1955, '7, 1013 

* Longsworth, J. Amer, Chem. Soc., 1947, 68, 2510. 

® Saunders, /., 1953, 519. 

* Kegeles and Gosting, /. Amer. Chem. Soc., 1947, 69, 2516. 

’ Gosting and Onsager, tbid., 1902, 74, 6066. 

* Akeley and Gosting, thid., 1953, 76, 5685. 

* Brudney, Ph.D. Thesis, London, 1955. 

© McBain, Adv. Colloid Sei., Vol. 1, Interscience Publ. Inc., New York, 1042. 

'! Klevens, Chem. Rev., 1950, 47, 1 

1® Winsor, ‘ Solvent Properties of Amphiphilic Cempounds,”” Butterworths Scientific Publ., London, 
1054 

* McBain and Hutchinson, “ Solubilisation and Related Phenomena,’’ Academic Press Inc., New 
York, 1055 
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EXPERIMENTAL 

Materials.—Sodium cholate, potassium dodecanoate, and potassium decanoate were prepared 
by neutralisation of pure acids with carbonate-free alkali. Cholic acid, prepared by the method 
of Gauthier and Nguyen Huu Quy," had [a]? +34-91° (in 70% ethanol), m. p. 198-9° (Found : 
equiv., 411-9. Calc. for CyH,O,: equiv., 408-6). Sodium dodecyl! sulphate was prepared 
by the method of Dreger et al.“ as modified by Burcik* (Found, in two samples; 5S, 11-1, 
11-15. Cale. for C,,H,O,5Na: S, 11-2%) (no loss of wt. on continuous extraction with 
ether and drying). Dilute solutions of the soaps formed free-draining films and there was 
no maximum of turbidity on dilution of concentrated solutions. Other acids and alcohols, 
obtained from Eastman Kodak, were used without purification... Lecithin was prepared by a 
chromatographic method based on that described by Lea and Khodes "+" (to be recorded 
elsewhere), (a}7? 8-00° in ethanol (Found: N, 1-8; P, 38%; I. no. 71-6; sp. resistance of a 
0-5% sol, 0-72 megohm cm.). 

Sols were prepared with doubly distilled water and allowed to age for 24 hr. before use. 

Diffusion Coefficients,—The calculation of diffusion coefficients from the Gouy interference 
patterns has been fuily described elsewhere.+45*%* The length 6 in the Longsworth equation 
is described in some papers as the optical distance ** and in others as the optical lever arm ;*° 
the latter seems preferable as b is found by summing geometrical distances divided by refractive 
indices, 

An extrapolation method for determining j,,, the refractive index term of the Longsworth 
equation, directly from the Gouy patterns was found satisfactory for slowly diffusing materials. 

The concentrations in this paper are expressed in millimoles per |, unless otherwise stated ; 
diffusion coefficients (D) are in cm.*/sec. at 25°, The term, integral diffusion coefficient, is 
applied to a value of D found by allowing a solution to diffuse into pure water. 

(a) Diffusion in water of sodium cholate and potassium decanoate. The integral diffusion 
coefficients of sodium cholate together with the j,, values are shown in Table 1. In all cases, 
the results show that a break occurs in the diffusion coefficient-concentration (D-c) curve at 
about 15 millimoles/1, Above this concentration D decreased with increasing ¢; belowc = 15, 
D varied little. The Gouy patterns obtained in these experiments were normal, The intensi- 
ties of the maxima showed no such anomalies as had been observed with other association 
colloids.* 4 

For potassium decanoate (Table 1) the diffusion coefficient varies little with concentration, 
As with sodium cholate the patterns showed no abnormalities except for some patterns obtained 
with solutions containing 100 and 110 millimoles/1.; unfortunately, these could not be 
measured as the bottoms of the patterns were not clear. 


TABLE 1. Integral diffusion coefficients of sodium cholate and potassium decanoate, 

Concn ja 10°D Concn, dm 106D Conen ln 1o*D Conen dn 
Sodium cholate Potassium decanoate 
19-5 6-42 18-0 71-7 6-15 20-0 20-9 8-00 50-0 74°65 
20-6 6-41 20-0 70-5 6-08 22-6 33-6 8°87 56-0 82-2 
19-2 6-42 25-0 973 8 545 25-0 37-0 890 60-0 88-0 
39-8 6-45 300 861175 «6524 30-0 44-8 8-79 700 1040 
59-5 6-45 350 1340 4-73 40-0 59-7 865 800 8=611RO 
66-0 6-31 


(b) Diffusion of solubilised long-chain saturated alcohols. Diffusion measurements on soap 
solutions containing relatively small amounts of n-decy!l alcohol were made and continued with 
solutions containing more and more alcohol until the saturation concentration was reached, 
These results together with a measurement with n-dodecy! alcohol at its saturation concen- 
tration are reported in Table 2, where D’ = wt.-average and D, = height-area-average diffusion 
coefficient. 

The patterns showed few anomalies in the intensities of the Gouy maxima except that the 
inner lines were more intense than normally expected for a pattern of this length. All the 
patterns obtained with solutions containing aicohol at less than the saturation concentration 

4 Gauthier and Nguyen Huu Quy, Ann. Pharm. franc., 1947, 5, 556 

1* Dreger, Keim, Miles, Shedlovsky, and Ross, Jnd. Eng. Chem, 1944, 36, 610 

'* Burcik, |. Colloid Sci., 1950, §, 421. 

'? Lea and Rhodes, Biochem. J., 1964, 87, xxiii 

1* Idem, ibid., 1955, 88, v. 

'* Gosting, Hanson, Kegeles, and Morris, Rev. Sci. Instr., 1949, 20, 200 
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were interpreted by the method for mixed solutes described by Akeley and Gosting.* Those 
obtained with solutions containing the saturation concentration were interpreted by the method 
for a single solute and these patterns gave C, values which were remarkably constant 
(C, = 1-820, 1-834, 1-837, 1-838, 1-832 for j = 3, 6, 9, 12, 15 at ¢ = 3000 sec.). 


Tasie 2. Integral diffusion coefficients of long-chain saturated alcohols solubilised 
in 50 mmoles ||. of sodium dodecyl sulphate. 
Alcohol Concn, Ju 10*D’ 10*D, 
79-02 2-76 1-59 
79-62 2-83 2-19 
78-96 2-93 2-28 
79-98 2-81 2-25 
. 81-28 2-42 ane 
Dodecyl c 72-44 2-44 soe 


Taste 3. Diffusion of lecithin clarified with sodium dodecyl sulphate (NaDS). 
Kesult Conen. of lecithin Solutes in 
no in lower layer upper layer Im 10*D’ 10°D, 
Lower sol containing 20 millimoles/l. of NaDS 


-— 30-49 3-80 1-06 
2-5 _ 38-82 3-62 3-42 
&O -- 44:77 3-50 — 
265 20 NaDS 6-41 0-0898 

50 20 NaDS 11-35 0-0890 

50 20 NaDS 10-41 06-0894 

+03 CaCl, 

50 20 NaDS 11-04 0-164 
+03 CaCl, 0-3 CaCl, 

5-0 a 
403 CaCl, 

Lower sol containing 50 millimoles/l. of NaDS 
79-02 2-76 

2:5 —= 85-78 3-25 

50 92-19 2-97 

75 99-63 2-08 

10-0 . 102-80 2-98 
12-5 _ 110-70 2-99 


46-43 3-43 


An attempt to produce solutions containing more than the saturation concentrations gave 
emulsions which were opaque and so could not be studied by the optical method used here. 

(c) Diffusion of solubilised lecithin sols. The results obtained with clarified lecithin sols are 
shown in Table 3. Concentrations of lecithin are expressed in mmoles/l. calculated from a 
molecular weight of monomer based on the average of a number of nitrogen determinations. 
In all cases, the sols were prepared by adding concentrated soap solutions to a film of lecithin 
which had been spread by evaporation of an alcoholic solution. The sol was shaken, made up 
to volume, and allowed to age for 24 hr. 

The remarkably constant C, values obtained for the integral diffusion of the long-chain 
alcohols at their saturation concentrations were again found with the lecithin sol. An example 
of the detailed results obtained with the sol saturated with lecithin is given in Table 4. 


Taste 4. Analysis of a Gowy pattern obtained with lecithin solubilised with sodium 
dodecyl sulphate at the alcohol saturation concentration. 
C, (1800 see.) C, (2100 sec.) C, (3000 sec.) jf CG, (1800 sec.) C, (2100 sec.) C, (3000 sec.) 
1-219 1-130 0-947 6 1-218 1-129 , 
1-220 1-132 0-948 7 1-219 1-130 
s 1-221 1-132 
9 1-220 1-129 
10 1-217 1-132 
C, (1800) C, (2100) 
Mean C, 1-2185 1-130 
Standard deviation 0-00156 0-00173 
0-00049 0-00055 
3°51 3-50 
Mean diffusion coeffi, « 3-50 x 10°. 
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Discussion 


The results obtained for sodium cholate are interpreted as follows. Below 15 mmoles/L., 
the solution is composed of simple electrolytes, i.¢., dissociated cholate and sodium ions. 
At 15 mmoles/l, small aggregates of low stability are formed. Above 15 millimoles/l., 
and with increasing concentration, the concentration of aggregated cholate ions increases, 
and the aggregates become increasingly stable. These aggregates are thought not to be 
true micelles, but far more simple structures such as ion pairs or small groups of ions. 
Actual micelle formation ® begins in sodium cholate solutions at about 40—44 mmoles/I. 
This concentration was not reached in the course of this work. 

Ekwall *!. has observed an abrupt change in many of the physical property-concen- 
tration curves of sodium cholate at about 15 mmoles/|. Measurements of equivalent 
conductance, solubilisation properties, hydroxyl-ion activity, and partial molal volume, 
when plotted against concentration, gave curves which showed a distinct break, similar 
to the D-c curve at 15 mmoles/l. Ekwall termed this concentration the first concentration 
iimit of the sodium cholate solution and showed further concentration limits at 45, the 
critical micelle concentration, and 100 mmoles/l, He showed that the physical properties 
of this and other association colloids do not vary in a continuous manner with concentration 
below and above the critical micelle concentration but that there are also other concen- 
tration limits. The present work and that on the diffusion of other association colloids ** 
corroborate Ekwall’s theories. 

Sodium cholate solutions are thought to be somewhat different in structure from the 
solutions of other association colloids, ¢.g., the long-chain soaps. For instance, with 
potassium decanoate there is only a small fall in diffusion coefficient at the concentration 
limits, though there is a considerable fall with sodium cholate. This difference is thought 
to be due to the difference in the size and shape of the anions, The break in the D~c curve 
for the cholate at 15 mmoles/l. shows clearly that some change in the structure of the 
solution occurs at that point but the particles in the solution do not differ sufficiently to 
give a heterogeneous Gouy pattern which could be interpreted by the mixed solute method. 
The value of C, in all of the patterns measured was constant. 

Potassium decanoate shows (Table 1) small but noticeable breaks in the D-c curve at 
the Ekwall concentration limits: he found limits at 25 and 55 mmoles/l., and the D-c 
curve shows breaks at 25 and 60 mmoles/l. of potassium decanoate. Ekwall infers that 
association of the decanoate ion commences at 25 mmoles/|., with small aggregates and 
continues to 97 mmoles/l. at which point micelles are formed. However, over the whole 
concentration range, the diffusion coefficient decreased by only about 5-0 x 10-7, This 
is a very small fall in diffusion coefficient if aggregation is indeed taking place throughout 
this concentration range. It is suggested that aggregates of low stability, such as ion 
pairs, or small groups of ions may be formed, particularly at the concentration limits, but 
these are definitely not micelles. When micelles are formed in soap solutions, the Gouy 
patterns show considerable anomalies in the intensities of their maxima.* 

The outstanding result with solubilised materials is the apparent homogeneity of the 
solution at the saturation concentration of additive. Below this concentration the solutions 
gave interference patterns which indicated the presence of at least two different diffusing 
entities (for these measurements it has been assumed that there are only two types of 
diffusing particles). At the saturation concentration, however, the patterns were the 
same as for single-solute diffusion; this means that at the saturation concentration all 
the dissociated soap anions are drawn into the mixed alcohol-soap micelles. Further, 
since the Gouy patterns at this concentration were easily interpreted by a single-solute 
type of calculation, these micelles must be of comparatively uniform structure throughout 
the solution. 

On the whole, the results (see Table 2) have shown very little variation of diffusion 
coefficient with the concentration of added alcohol. This is ascribed to the very great 

© Ekwall, Acta Acad. Aboensis, Math. + % 1951, 17, No. 8,1; Chem. Abs., 1963, 47, 24. 


*! Idem, ]. Colloid Sci., 1954, Suppl. 1, 
% Idem, Kolloid Z., 1964, 186, 37. 
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electrical effect across the boundary when 50 mmoles/l. of sodium dodecyl! sulphate diffuses 
into water; this obscures any effects due to the additive. A measurement in which a 
solution containing 50 mmoles/l. of this sulphate together with 10 mmoles/l. of n-decy! 
alcohol diffused into a solution containing 50 mmoles of sodium dodecyl! sulphate per I. 
gave D’ 407 « 107, showing that large colloidal particles were present. When the 
boundary between these two solutions was formed with the solution containing the alcohol 
below that without alcohol, there was a tendency for mixing to occur, the alcohol-soap 
solution being the less dense. The positions of the two solutions were therefore reversed 
in forming the boundary, and the diffusing column with alcohol-soap solution above the 
oap solution gave interference patterns whose fringes were displaced above the optic axis. 
These patterns could be interpreted by the single-solute method. 

Decy! and dodecyl! alcohol at their saturation concentrations have been found to have 
the same effect upon D for a soap solution of given concentration, supporting the theory 
that the alcohols are solubilised in the palisade layer of the micelle where chain length 
would have little effect on micellar size. These results show that substances of chemically 
similar nature can cause the same change in D for a soap solution. This would seem to 
cast some doubt on the work of Stigter e al.**, whose dye solubilisation method for measur- 
ing self-diffusion coefficients assumes that the dye has no effect on D because different 
dyes give the same value for micellar mobility. 

Table 3, giving values of D for lecithin-soap solutions, shows that, as with the alcohols, 
when the saturation concentration is reached the solution becomes homogeneous and 
contains only one type of solute particle. The solution of sodium dodecyl sulphate 
saturated with lecithin gave normal interference patterns which yielded extremely consis- 
tent results when interpreted by the single-solute diffusion method. 

The standard error of the mean C, values (Table 4) compares favourably with that for 
single-solute diffusion (e.g., Saunders ® using pure glycine found a standard error of 0-002). 
This illustrates clearly the homogeneous nature of the soap solutions containing the satura- 
tion concentration of lecithin. The results in Table 3 show that as the lecithin concen- 
tration is increased, the D, values approach the D’ values, that is the solutions become 
less heterogeneous as more lecithin is solubilised. Results nos. 4 and 5 of Table 3, in which 
the electrical effect at the boundary is eliminated by equal concentrations of sodium dodecy] 
sulphate on both sides, show that large colloidal particles are present in the lecithin-soap 
a The micellar volume calculated from the Stokes—Einstein equation is about 
8 x 107 A®, 

An attempt was made to decrease the diffusion coefficient of the solubilised lecithin 
still further by adding calcium chloride. The concentration chosen, 03 mmoles/l., has 
been found ** to increase considerably the surface force between a lecithin sol and water. 
Added calcium chloride had little effect on the integral diffusion coefficient of the lecithin- 
sodium dodecyl sulphate sols, probably because of the relatively large concentration of 
soap present. 


The authors thank the Council of the Pharmaceutical Society for the award of a Wellcome 
Pharmaceutical Research Fellowship (to N. B.), and the Central Kesearch Fund of the University 
of London for a grant towards the cost of apparatus. 
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578. Organic Complex-forming Agents for Metals. Part 11.*  Prepar- 
ation of 5-Hydroxy- and 5: 8-Dihydroxy-quinoxalines and Related 
Compounds. 

By E. S. Lane and C. WILLiaMs. 


5-Hydroxy- and 5; 8-dihydroxy-quinoxalines containing a variety of 
2- and 3-substituents have been prepared by dealkylation of the corresponding 
5-methoxy- and 6 ; 8-diethoxy-quinoxalines, and characterised as the acetyl 
derivatives, 


THis paper reports the preparation of further new complex-forming agents containing the 
substituents recorded in Part I! but based on the less basic quinoxaline ring system. 
Some compounds of this series have been previously described (for references see Albert 
and Hampton,* and Adachi). King, Clark, and Davis‘ noted that 5: 8-dihydroxy- 
quinoxalines possessed indefinite melting points and gave inconsistent analyses. We 
confirmed this observation and ascribe it partly to the pronounced tendency of quinoxaline 
derivatives to form molecular complexes, to which we have drawn attention previously, 
and to the ease with which they are oxidised to /-quinonoid derivatives. To obtain the 
analyses reported below, repeated purification of the compounds was necessary by pro- 
tracted recrystallisation from selected solvents or, preferably, by vacuum-sublimation. 
King * e¢ al. used an isomeric mixture of diamines as starting material, but like Adachi 
we preferred to use pure o-diamines as the primary intermediates and this undoubtedly 
facilitated the purification of these compounds. 

Well-established methods were used for the preparation of the 2: 3-disubstituted 
5-methoxy- and 5: §-diethoxy-quinoxalines from the appropriate o-diamines and a-dike- 
tones (an improved preparation of di-a-pyridyl diketone is described). Similar compounds 
singly substituted in the 2-position were prepared from the corresponding glyoxal derivative. 
2 : 3-Dihydroxyquinoxalines were prepared from the parent diamine and oxalic acid, and 
were smoothly converted into the 2: 3-dichloro-compounds by phosphorus oxychloride 
or phosphorus oxychloride-dimethylaniline.* For dealkylation either aluminium chloride 
in benzene (method A) or boiling aqueous hydrobromic acid (method B) was used, the 
latter being usually reserved for aryl-substituted quinoxalines. 

The hydroxyquinoxalines were characterised as their O-acetyl derivatives prepared 
by use of acetic anhydride, optionally in the presence of pyridine. The base was omitted 
when acetylating 2 : 3-dichloro-hydroxyquinoxalines owing to side reactions with the 
reactive chlorine atoms, Similarly, it was not possible to use hydrobromic acid for the 
dealkylation of 2 : 3-dichloroquinoxalines because of replacement of the chlorine atoms 
by hydroxyl groups. 

The 5-hydroxy- and 5: 8-dihydroxy-quinoxalines exhibit chelating properties to a 
varied extent. Preliminary accounts have been given by Irving and Rossotti ® and by 
Kawa, Kimura, and Furahata.?’ Their main disadvantages are their low solubility in 
water and alcohol and their ready oxidisability. 

Since hemipyocyanine (1-hydroxyphenazine) is a fungicide a representative selection 
of our analogous quinoxalines was kindly tested by Mr. W. H. Read of the Glasshouse 
Crops Research Institute, who reported, however, that they displayed only low fungicidal 
activity. 

EXPERIMENTAL 

Determination of the Equivalent Weight of Quinoxalines.-The methods used in Part I were 

applicable to the compounds described herein. 


* Part I, J., 1956, 569. 


* Lane and Williams, /., 1956, 569 

* Albert and Hampton, /,, 19562, 4985 

* Adachi, J. Chem. Soc. Japan, 1955, 76, 311. 

* King, Clark, and Davis, /., 1949, 3012. 

* Landquist, /., 1953, 2816. 

* Irving and Rossotti, Analyst, 1955, 80, 245. 

’ Kawa, Kimura, and Furuhata, Proc. Japan Acad., 1053, 20, 344 
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Di-2-pyridyl Diketone (a-Pyvridil).—The recorded method of oxidising a-pyridoin with faming 
nitric acid, followed by heating on a water-bath, gave only a small yield of the required product. 
By maintaining the reaction mixture at — 30° during the oxidation and eliminating the heating, 
the yield was increased to over 90%. 

Preparation of 2: 3-Disubstituled 5-Methoxy- and 5 : 8-Diethoxy-quinoxalines._-Equimole- 
cular quantities of the appropriate diketones and o-diamines (see Part I) were refluxed together 
in ethanol for 1 hr. The mixture was poured into water, and the insoluble quinoxaline filtered 
off, distilled in vacuo when possible, and recrystailised, 

The compounds are listed in Tables 1 and 4. 

2-Substituted 6 ; 8-Diethoxyquinoxalines.—These were prepared as above, from the appro- 
priate glyoxal in place of the a-diketone (see Table 4), 

2: 3-Dihydroxy-6-methoxyquinoxaline.-E.quimolecular quantities of 2: 3-diaminoanisole 
and oxalic acid were refluxed together for 12 hr. in 4n-hydrochloric acid. The mixture was 
neutralised with ammonia, and the precipitated base filtered off. It formed colourless crystals 
(from ethylene glycol), m, p, 272-—-274°. The equivalent weight of this compound was deter- 
mined in ethylenediamine and gave a satisfactory value but microanalyses were unsatisfactory 
(Found: C, 60-35; H, 66; N, 128%; equiv., 98. C,H,O,N, requires C, 56-25; H, 42; 
N, 146%; equiv, 96). Satisfactory microanalyses were obtained from its derivatives (see 
below) 

5 : 8-Diethowy-2 : 3-dihydroxyquinoxaline was similarly prepared from oxalic acid and 
2: 3-diaminoquinol diethyl ether (see Table 4). 

2: 3-Dichlovo-6-methoxyquinoxaline,—-2 ; 3-Dihydroxy-5-methoxyquinoxaline (4 g.) was 
refluxed for 1 hr. with dimethylaniline (5 ml.) and phosphorus oxychloride (20 ml.). Excess 
of phosphorus oxychloride was removed in a vacuum and the residue poured on crushed ice 
(200 g.), The base was filtered off and dried. It formed pale yellow needles, m. p. 144°5 
145° (from benzene) (see Table 1). 

2: 3-Dichloro-5 : 8-diethoxyquinoxaline.—This was similarly prepared from 5: 8-diethoxy 
2: 3-dihydroxyquinoxaline (16 g.) and phosphorus oxychloride (400 ml.) (see Table 4) 

2: 3-Disubstituted 5; &Dihydroxyquinoxalines.—(A) The 5: 8-diethoxy-compound was 
refluxed for 3 hr. with anhydrous aluminium chloride (2-4 equivs.), in benzene. Water was then 
added and the mixture extracted with hot benzene. The benzene extract was evaporated to 
small bulk and the material which separated was recrystallised. 

(B) The 5: 8-diethoxy-compound was refluxed for 6 hr. in hydrobromic acid (48%). After 
cooling, the mixture was filtered and the solid material hydrolysed with warm water, washed 
with sodium hydrogen carbonate solution and with water, and recrystallised 

2: 3-Disubstituted 5-Iydroxyquinoxalines.-Analogous procedures to the above, but using 
1-2 equivs. of anhydrous aluminium chloride, were used. 

2: 3-Disubstituted 6-Acetoxy- and 5: 8-Diacetoxy-quinoxalines.—-The hydroxy-compounds 
were refluxed in acetic anhydride, excess of reagent was removed under reduced pressure, and 
the residue recrystallised from ethanol (see Tables 3 and 6). 

10: 13-Dihydroxydibenso[a,c|phenazine.-10 : 13-Diethoxydibenzo{a,c)phenazine * (2 g.) was 
refluxed with 48% hydrobromic acid (60 ml.) for 6 hr, On cooling, the deposited solid was 
hydrolysed by boiling water to an orange powder (1-6 g.), Kecrystallisation from benzyl! 
alcohol gave the phenolic base as an orange-red powder, m, p. 280---283° (Found: C, 76-6; 
H, 39; N, 88. Cgll,,0O,N, requires C, 769; H, 3:8; N, 90%). A prior preparation 
attributed to Kawai and Kosaka * is mentioned by Kawal, Kimura, and Furahata’ but without 
details. The diacetate was obtained as yellow-green needles, m. p. 273-—-273-56° (Found : C, 72-5; 
H, 4-2; N, 6-85. C,,H,,O,N, requires C, 72-7; H, 4-0; N, 7-1%). 


Unitep Kincpom Atomic Engrcy AUTHORITY, 
HiaRWELL, Dipcor, Berks Receiwed, March 13th, 1956.) 

* Nietzki and Rechberg, Ber., 1800, 23, 1212 

* Kawai and Kasaka, J]. Soc, Org. Synth, Chem., Japan, 1944, 2, 73. 

‘© Meldola and Eyre, J., 1902, 81, 992. 

i‘) Landquist and Stacey, J., 1953, 2822 

'® Sorkin and Roth, Hebe. Chim. Acta, 1951, 34, 427. 
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579. The Preparation, via Thiuronium Salts, of Optically Active 
Thiols. 


By C. L. Arcus and P. A. HALicarTeEn. 


Fractional crystallisation of (4+-)-S-l-methylheptylthiuronium (-+-)- 
camphor-10-sulphonate did not effect resolution into the diastereoisomeric 
salts. 

(+-)-2-Bromo-octane has been converted, by reaction with thiourea, into 
the thiuronium bromide, and thence into (—)-octane-2-thiol. (-+)-a-Methyl- 
phenethyl toluene-p-sulphonate similarly gave the corresponding thiuronium 
toluene-p-sulphonate, which yielded (—)-l-phenylpropane-2-thiol. The (—)- 
sulphonic ester has similarly been converted into the (-}-)-thiol. 

A mechanism is proposed in which thiourea and the alkyl bromide or 
sulphonate undergo a bimolecular reaction with inversion of the configur- 
ation of the asymmetric carbon atom, 


THE stereochemistry of several olefin addition reactions, in which either the olefin or the 
reagent is asymmetric, has been investigated. For a further study, a quantity of an 
optically active thiol was required, a compound having a single asymmetric centre directly 
attached to the thiol group being preferable. 

Levene and Mikeska * prepared (+-)-butane-, (-+-)- and (—)-pentane-, and (~)-octane- 
2-thiol by the reaction of the optically active halides with potassium hydrogen sulphide. 
Kenyon, Phillips, and their co-workers * obtained the last thiol by the analogous reaction 
with (+)-l-methylheptyl toluene-p-sulphonate; they also prepared (—)-butane-2-thiol 
and (—)-1-phenylpropane-2-thiol by the following method: reaction of the optically 
active 1l-methylalkyl toluene-p-sulphonate with potassium thiocyanate gave the alkyl 
thiocyanate; alkaline hydrolysis of the latter, during which oxidation occurred, yielded 
the dialky! disulphide, which on reduction gave the thiol. 

The preparation of thiols via the thiuronium salts, of which there are many examples, 
appears to be the most satisfactory general method. The only instances of the use of 
optically active reactants relate to the preparation of sugar and terpene derivatives. 
S-(Tetra-O-acetyl-£-p-glucosy]l)thiuronium bromide has been prepared ; *® with methanolic 
ammonia in the presence of ammoniacal silver nitrate it gave the silver salt of 1-thio-p- 
glucose. Subluskey and King,* by heating camphene and related terpenes with thiourea 
and toluene-p-sulphonic acid, obtained S-isobornylthiuronium toluene-p-sulphonate, 
They also prepared this salt by heating bornyl toluene-p-sulphonate with thiourea; the 
bornyl ester was about 8°, optically pure : it yielded a salt which had a small rotation, but 
became optically inactive on recrystallisation. Salt of higher rotation was isolated as a 
crop from the camphene reaction. From both active and inactive salts specimens of 
isobornanethiol (a solid) were prepared, but all were optically inactive. It is not clear how 
far, if at all, this loss of activity is due to racemisation, and to what extent it results from 
the separation of (-+-)-material from mixtures of low optical purity. Fractional crystallis- 
ation of S-isobornylthiuronium (-+-)-camphor-10-sulphonate, prepared from camphene of 
about 9%, optical purity, led to the separation of the diastereoisomeric salts, one of which 
was obtained optically pure; however, these salts were not converted into the thiols, 

The literature then points to two methods whereby optically active thiols may be 
prepared via thiuronium salts: (1) The preparation of the (-+-)-S-alkylthiuronium salt of 
an optically active acid, followed by its resolution by fractional crystallisation into 
the diasteteoisomeric salts: these are then converted into the enantiomeric thiols. 


' Abbott and Arcus, J., 1952, 1515; Arcus and Strauss, tbid., p. 2669; Arcus and Smyth, /,, 
1955, 34. 

* Levene and Mikeska, ]. Biol. Chem., 1924, §9, 475; 1925, 63, 89; 1927, 75, 593. 

* Kenyon, Phillips, and Pittman, with (in part) Shackleton, Kahn, Yorston, and Cochinaras, /. 
1935, 1072. 

* Schneider and Eisfeld, Ber., 1928, 61, 1260. 

§ Bonner and Kahn, /. Amer. Chem. Soc., 1961, 73, 2241 

* Subluskey and King, ibid, p. 2647 
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(2) Conversion of an optically active alkyl halide, or reactive ester, into the corresponding 
thiuronium salt and thence into the active thiol. 

(4-)-2-Bromo-octane was converted into S-l-methylheptylthiuronium bromide, which 
with sodium (+-)-camphor-10-sulphonate gave (+)-S-l-methylheptylthiuronium (-+-)- 
camphor-10-sulphonate ; this salt crystallised well from ethyl acetate and from heptan-4- 
one, but fractional crystallisation did not result in a separation of isomers. The recrystal- 
lised salt was converted into the thiuronium benzoate, into the thiol, and, by treatment 
with alkali and chloro-2 ; 4-dinitrobenzene without isolation of the thiol, into 2 : 4-dinitro- 
phenyl] l-methylheptyl sulphide ; all these compounds were optically inactive. 

(--)-Octan-2-ol, on reaction with phosphorus tribromide under conditions described by 
Gerrard,’ gave (-+-)-2-bromo-octane; this compound was converted into the thiuronium 
bromide, an oil, which with sodium benzoate gave the solid thiuronium benzoate; the latter 
on treatment with sodium hydroxide yielded (—)-octane-2-thiol. 

Of the methods for the conversion of octanol into bromo-octane developed by Gerrard, 
the procedure was used which appears to give the most useful combination of optical and 
chemical yields, Alcohol and bromide of the same sign of rotation have the same 
configuration,’ whence this method of preparation involves inversion; however, some 
degree of racemisation also occurs, the extent being unknown since the rotatory power of 
optically pure 2-bromo-octane is unknown. By analogy with other replacement reactions 
of 2-bromo-octane,® the reaction of this compound with thiourea in ethanol very probably 
proceeds with inversion, and substitution may be completely bimolecular; further, the 
data on rotatory powers and configurations tabulated by Kenyon ef al.* indicate the 
(--)-thiol and the (+-)-bremide to be of opposite configurations. 

(+)-a-Methylphenethyl toluene-p-sulphonate, on reaction with thiourea in ethanol, 
gave (+ )-S-o-methylphenethylthiuronium toluene-p-sulphonate, which on treatment 
with sodium hydroxide yielded (—)-1-phenylpropane-2-thiol. The (—)-sulphonic ester 
similarly gave the (+-)-thiol. 

The (+)- and the (—)-sulphonic ester were prepared from (-+-)- and (-)-l-phenyl- 
propan-2-ol by reaction with toluene-p-sulphonyl chloride and pyridine (Phillips *), a 
process in which the bonds of the asymmetric carbon atom are not disturbed. The reaction 
of the sulphonic ester with thiourea is considered, from the following data, to proceed with 
inversion, and probably by the bimolecular mechanism: (a) The kinetics of the reaction 
between tetra-O-acetyl-a-p-glucosyl bromide and thiourea have been studied polari- 
metrically by Bonner and Kahn,* who found the reaction to be of the second order; the 
thiuronium salt so formed showed no mutarotation, whence it is concluded that the 
reaction is not reversible. These authors put forward a mechanism similar to that given 
below. (b) Kenyon é al.,* from a comparison of rotatory powers, conclude that 1-phenyl- 
propan-2-ol and l-phenylpropane-2-thiol of opposite signs of rotation are of opposite 
configurations. (c) aMethylphenethyl toluene-p-sulphonate reacts with inversion with 
numerous reagents,* and with ethanolic potassium acetate and valerate (the two instances 
in which the aleohol was regenerated by hydrolysis of the product) the inversion is 
respectively 97 and 96%.* The following mechanism is proposed for the reaction of the 
sulphonic ester with thiourea : 


HN’ H CH, 


The nitrogenous product of the decomposition of thiuronium salts is dicyandiamide.'° 
The monomeric cyanamide can be formed from the thiuronium cation by either of two 
slightly different mechanisms: (1) the removal of a proton by hydroxyl ion (or, in the 
decomposition of S-alkylthiuronium hydrogen carbonates studied by Horék.™ by the 

’ Gerrard, /., 1945, 850, expt. no. 2. 

* Hughes, Ingold, and Masterman, /., 1937, 1196. 

* Phillips, /., 1923, 128, 44. 

'© Bernthsen and Klinger, Ber., 1879, 12, 574. 

'* Horak, Chem. Listy, 1964, 48, 414 
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HCO,> ion), followed by rearrangement as shown. (2) Formation of the free base followed 
by its reaction with a second hydroxy] ion, yielding the thiol anion. In neither mechanism 
are the bonds of the asymmetric carbon atom disturbed, whence it retains the configuration 
which it had in the thiuronium salt. 


JNM, 
(1) ++ OH- ——> ~- a ¢ SH + NHyCN 


+ H,O 
a , 


LAR" ~OH | 
. Co, or od isa SS + NH,-CN + H,O 


“NH, 


EXPERIMENTAL 
M. p.s are corrected. 


(+)-2-Bromo-octane (25-5 g.) and thiourea (10-1 g.), in solution in ethanol (100 ml.), were 
heated under reflux for 5 hr.; the ethanol was distilled under reduced pressure, and (-+-)-S-1- 
methylheptylthiuronium bromide (35-0 g.) was obtained as an oil. To a suspension of this 
compound (35 g.) in water (100 ml.) was added a solution of sodium ( +-)-camphor-10-sulphonate 
(33 g.) in water (150 ml.); the oily product, on being cooled to — 80°, gave a solid (29 g.), m. p. 
106-—112°, [a}%,, + 24-5° (11-0; c4-988in EtOH). This material was recrystallised from ethyl 
acetate and from heptan-4-one, to constant specific rotatory power in both instances, and 
yielded (+4.)-S-1-methylheptylthiuronium (+)-camphor-10-sulphonate, m. p. 119°, [a}%,, + 263° 
(1 1-0; ¢ 4-991 in EtOH) (Found: N, 6-75; S, 15-45. C,,H,,O,N,S, requires N, 6-65; 5, 
15-3%). 

This sulphonate (12-6 g.) was stirred with 1-5nN-sodium carbonate (40 ml.) for 2 hr, at 50°; 
the chilled solution was then acidified to Congo-red with 3n-hydrochloric acid, and thrice 
extracted with ether. The extract was washed with water and dried (Na,SO,), and the ether 
evaporated under reduced pressure. The product was distilled, and yielded (4)-octane-2-thiol 
(2-5 g.), b. p. 83--84°/26 mm., n? 1-4500, optically inactive to sodium light. Decomposition, 
drying, evaporation, and distillation were conducted in nitrogen. 

This thiol (1-15 g.) and chloro-2 ; 4-dinitrobenzene (1-6 g.), in ethanol (26 ml), together with 
sodium hydroxide (0-36 g.) in aqueous ethanol (1:1, 3 ml.), were heated under reflux for 
10 min. The hot solution was filtered, and from the cold filtrate there separated a product 
(1-2 g.) which after two recrystallisations from ethanol yielded (4-)-2: 4-dinitrophenyl 1-methyl- 
heptyl sulphide, yellow needles, m. p. 50° (Found: N, 875; S, 10-05. CyHyyO,N,5 requires 
N, 8-95; S, 10-25%). 

The sulphonate, above, was similarly treated, and gave (+)-2: 4-dinitrophenyl I-methyl- 
hepty! sulphide, m. p. and mixed m. p. 50°, optically inactive in solution in methanol. 

On the addition of sodium benzoate (0-8 g.) in water (10 ml.) to (+4)-S-1-methylheptyl- 
thiuronium bromide (1-0 g.) suspended in water (10 ml.), there was precipitated (4)-S-1- 
methytheptylthiuronium benzoate (0-9 g.) having, after recrystallisation from ethanol, m. p. 
140-—-141°. Similar treatment of the above sulphonate [2-1 g. in 10 ml. of aqueous methanol 
(9: 1)) yielded the benzoate, which after recrystallisation had m. p. and mixed m. p. 140—- 
141°; it was optically inactive in solution in ethanol, 

(-+)-Octan-2-ol was resolved by Kenyon’s method. Reaction of (-—)-octan-2-ol (12-4 g.; 
why, ~ 409°, 1 0-5) at — 10° with phosphorus tribromide (17:1 g.), according to Gerrard,’ yielded 
(+-)-2-bromo-octane (6-3 g.), b. p. 81—-82°/20 mm., n® 1-4500, aif, + 20-20° (1 0-5), This 
bromo-octane (2-0 g.) and thiourea (0-8 g.) in solution in ethanol (8 ml.) were heated under 
reflux for 5 hr. The ethanol was evaporated under reduced pressure and to the remaining oil 
was added a solution of sodium benzoate (1:5 g.) in water (15 ml); there separated the 
thiuronium benzoate (2-2 g.), which was filtered off and washed with ether. The benzoate 
(3-1 g.) was heated under reflux for 2 hr. in nitrogen with sodium hydroxide (0-8 g.) in water 
(20 ml.). The organic layer was separated from the cooled reaction mixture; the aqueous 
layer was acidified with hydrochloric acid, and the benzoic acid was filtered off; the organic 
layer was combined with the ether extract of the aqueous layer, and the whole treated as 


Kenyon, Org. Synth., Coll. Vol. I, 2nd Edn, 1941, p. 418 
5a 
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described for the sulphonate decomposition, There was obtained (—)-octane-2-thiol (1-1 g.), 
b. p. 80-—82°/26 mm., n®? 1-4520, a%,, —9 29° (/ 0-5) (Found: 5S, 21-95. Calc. for C,H,,5: 
S, 219%). This thiol (0-50 g.) was allowed to react with chloro-2 ; 4-dinitrobenzene (0-71 g.), 
as for the (4)-compound; from the filtrate there separated (+-)-2 : 4-dinitrophenyl 1-methy!- 
heptyl sulphide (0-61 g.), m. p. 40-—45°, [aJ#%,, + 54° (10-5; c 0-890 in EtOH), It was not 
recrystallised, because, like the bromo-octane from which it was derived, it is considered to be 
partially racemic. 

1-Phenylpropan-2-one (42 g.) was heated with a solution of aluminium tsopropoxide 
(prepared from propan-2-ol, 280 ml, and aluminium, 27 g.), and the acetone formed was slowly 
distilled off; the solution was evaporated under reduced pressure, and the chilled product was 
slowly added with stirring to 50%, sulphuric acid (600 ml.) and ice, The whole was extracted 
with ether; the extract was dried (K,CO,), and yielded (+4)-1-phenylpropan-2-ol (30 4.), b. p. 
108——112°/18 mm., ni? 1-5206 

Powdered toluene-p-sulphonyl chloride (25-8 g.) was added to a solution of (+)-Il-phenyl 
propan-2-ol (18-4 g.) in dry pyridine (13 ml); the whole was kept at room temperature for 
2 days, then stirred with water. The solid product, after being washed with dilute hydro 
chloric acid and water, yielded (+4-)-a-methylphenethyl toluene-p-sulphonate (35-3 g.), m. p 
KO oY It (14-5 g.) was heated under reflux with thiourea (3-8 g.) in ethanol (10 ml.) for 2 hr 
Ihe hot solution was chilled in ice-salt; the solid which separated was filtered off, washed with 
ether to remove any unchanged sulphonic ester, and twice recrystallised from ethanol; it 
yielded (4)-S-a-methylphenethylthiuronium toluene-p-sulphonate (13-9 g.), m. p. 180—181 
(Found: C, 66°8; H, 625; S, 17-6. C,,H,,0,N,5, requires C, 55-7; H, 6-05; S, 17-56%) 

his sulphonate (12-2 g.) and quinol (0-1 g.) were stirred with 6n-sodium hydroxide (25 m1.) 
for 45 min, at 60-—-65°. The chilled mixture was acidified to Congo-red with 3n-hydrochloric 
acid and thrice extracted with ether. The extract was washed with water, and dried (Na,SO,), 
quinol (0-3 g.) having been added, The ether was evaporated, and the product distilled ; 
decomposition, drying, evaporation, and distillation were conducted in nitrogen. There was 
obtained (4)-l-phenylpropanc-2-thiol (4-1 g.), b. p. 106—108°/18 mm., n}? 15448, [R), 48-08 
(Cale,, 48-04) (Found ; S, 20-7, 209. C,H ,5 requires S, 21-0%). 

( +)-1-Phenylpropane-2-thiol (0-42 g.) in ethanol (2 ml.) was added to mercuric cyanide 
(O08 g.) in water (40 ml), A solid separated on chilling of the solution; it was twice 
recrystallised from chloroform-ethanol (1:1), and yielded mercury (-+-)-a-methylphenethyl 
mervcaptide, m, p, 88-—-89° (Found; C, 43-2; H, 4-4, CygH,S,Hg requires C, 42-95; H, 46%) 

(4 )-1-Phenylpropan-2-ol was resolved by the method briefly described by Kenyon ef al. * 
rhis alcohol (115 g.) was added to a solution of phthalic anhydride (125 g.) in dry pyridine 
(130 ml.), and the whole was heated for 44 hr. on a steam-bath; it was then cooled and poured 
into 6n-hydrochloric acid (500 ml.) and ice. The product was washed with dilute hydrochloric 
acid, and water; (+)-a-methylphenethyl hydrogen phthalate so prepared (150 g.) had m. p. 
112-115 Brucine (206-5 g.) was cautiously added to a hot soijution of this phthalate (149 g.) 
in acetone (1500 ml.), The alkaloidal salt which separated on cooling was recrystallised four 
times from acetone and yielded brucine (-+-)-a-methylphenethy! phthalate (70-5 g.), m. p. 151 
153 Chis salt (2-5 g.), 3n-hydrochloric acid (1-6 ml.), ether (10 ml.), and water (10 ml.) were 
shaken together; the aqueous layer was separated and further thrice extracted with ether ; 
the combined extracts were washed with water, dried (Na,SO,), and evaporated under reduced 
pressure. (-+)-«-Methylphenethy!l hydrogen phthalate so obtained was dried to constant 
weight (0-86 g.) in vacuo over phosphoric oxide; it had [a)ff,, + 48-0°, (a) 4+ 57-8° (12-0; « 
4-225 in CHCI,). When a portion of the brucine salt was recrystallised a further four times, it 
yielded hydrogen phthalate of the same rotatory power, The hydrogen phthalate obtained by 
the decomposition, as above, of 44-5 g. of brucine (+-)-«-methylphenethyl phthalate was 
dissolved in 5n-sodium hydroxide (40 ml.), and steam was passed through the solution, The 
distillate was saturated with potassium carbonate and four times extracted with ether; the 
extract was dried (K,CO,) and evaporated under reduced pressure. Distillation of the product 
yielded (4-)-1-phenylpropan-2-ol (6-8 g.), b. p. 104°/15 mm., alg, + 13-61", aff, + 16-48° (/ 0-5), 
n® 15210, ni? 16190, The filtrate from which the brucine (+-)-alky! phthalate had separated 
yielded, on evaporation, a crop (165 g.) which, after three recrystallisations from acetone, gave 
brucine (—-)-a-methylphenethyl phthalate (135-5 y.), m. p. 85--87°. (-—)-a-Methylphenethy! 
hydrogen phthalate, isolated as above, had [a\f,, —47-3°, [a]. —57-3° (2 2-0; c 4-262 in 
CHC1,), and yielded (—)-1-phenylpropan-2-ol (20-0 g.), b. p. 116-—-117°/23 mm., ajj,, — 26-24’, 
an, — 316° (21-0), nf? 1-5204, nf 1-5182. 

' Pickard and Kenyon, J/., 1914, 106, 1124 
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(+-)-1-Phenylpropan-2-ol (16-2 g.; a}%,, + 13-59°, / 0-5) was converted, by the method used 
for the ( +-)-alcohol, into (-+-)-«-methylphenethy! toluene-p-sulphonate (30 g.), m. p, 67-5-—68°, 
a\%,, + 252° (1 2-0; ¢ 4-999 in CHCI,). It (29 g.) was converted, as for the (-+-)-ester, into 
(+-)-S-a-methylphenethylthiuronium toluene-p-sulphonate (31 g.; it was washed with ether 
but not recrystallised), [a]}%,, +4°3° (4 20; ¢ 4976 in EtOH). This compound (50 g.) was 
converted, by the method described for the (+-)-thiuronium salt, into (—)-1-phenylpropane-2- 
thiol (13-2 g.), b. p. 111°/23 mm., mi} 1-5425, afj,, —13-46°, aft —14-50", atl — 16-54", atts, 

34-0° (1 1-0) (Found: C, 70-9; H, 83; S, 20-8, 21-0. Calc. for C,H,,S: C, 71-0; H, 7-9; 5, 
21-0%). It yielded, as for the (-+.)-thiol, mercury (4-)-«-methylphenethyl mercaptide, m. p. 124°, 
a\2.. + 100° (11-0; ¢ 5-00 in CHCI,) (Found: C, 43-2; H, 485%). 

(~—)-1-Phenylpropan-2-ol (19-7 g.; afJ,, —13-12°, / 0-5) was similarly converted into (—)-a- 
methylphenethyl toluene-p-sulphonate (37-4 g.), m. p. 62-5--64-5°, [a)}f,, 22:9° (i 2-0; 
c 5-173 in CHCl), thence into ( —)-S-a-methylphenethyithiuronium toluene-p-sulphonate (24 g.), 
(ajzo, —4:5° (12-0; ¢ 5-001 in EtOH), of which 22-4 g. were converted into ( })-1-phenylpropane 
2-thiol (4 g.), b. p. 104°/17 mm., n? 1-5450, a},, + 6-08", ali. + 6-26", aba + TBE", alhey + 14-6" 
(1 0-5); it gave mercury (--)-a-methylphenethyl mercaptide, m, p. 123-5-—124-5°, [a)f{,y -- 100° 
(11-0; ¢ 2-054 in CHCI,). 


Thanks are expressed to the Government Grants Committee of the Royal Society and to 
Imperial Chemical Industries Limited for grants, 
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580. T'rinuclear Dyes Related to Oxonols. Part 11.* Formation 
and Absorption Spectra, 
By R. A. Jerrreys. 

Several new trinuclear dyes are described. Steric and electronic limita- 
tions to the formation of trinuclear dyes from methy!-substituted heterocyclic 
quaternary salts and ethoxymethylene derivatives of ketomethylene hetero- 
cyclic compounds are formulated. These dyes, and similar ones prepared 
by Hamer, Rathbone, and Winton,' are considered to be chain-substituted 
mesoionic oxonols 


In previous papers *:* it was shown that trinuclear dyes (III) related to oxonols may be 
produced, together with dimethinmerocyanines (IV), by reaction of heterocyclic quaternary 
salts possessing a reactive methyl group (cf. I) with ethoxymethylene keto-heterocyclic 
compounds (cf. II) in basic media, The reaction was confined to quaternary salts derived 
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from benziminazole, perimidine, and pyridine, and ethoxymethylene derivatives of 3-alkyl- 
2-thiothiazolid-4-one and 2-ethylthiothiazol-5-one. Dyes containing 3-phenylisooxazol-5- 
one, | ; 3-diethyl-2-thiobarbituric acid, and 2-phenyloxazol-5-one rings have now been made, 


* The paper in Compt. rend, XVIIth Congr. Int. Chim. Ind, 1954, Vol. ITI, p. 618, is regarded as 
Part I 

' Hamer, Rathbone, and Winton, j., 1949, 1113 

* Jeffreys, Compt. rend. XVIIth Congr. Int. Chim. Ind., 1954, Vol. III, p. 618 

* Jeffreys, /., 1956, 2304 
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An alternative synthesis of one dye has confirmed the structure (II1). The inter- 
mediate (V), of the type described by Hamer et al.' and kindly supplied by Dr. F. M. Hamer, 
condensed with two equivalents of 2-ethylthiothiazol-5-one to give the trinuclear com- 
pound (VI), identical with a sample prepared from the 2-methyl heterocyclic quaternary 
salt and two equivalents of the 4-ethoxymethylene derivative of the thiazolone (VIIc). 
Ec 
N\ UCHINPh »  OC—s 

cic. a 
CH:NPh HC 7 us 


Dye Formation.—-A trinuclear dye is formed only when the quaternary salt is derived 
from a heterocyclic base with a strong —M effect;* the yields of dyes are in order of 

M effects of the participating heterocycles (¢.g., benziminazole dye no. 19, 49°/,; per- 
imidine dye, 20% ; and pyridine dye no. 21, 11%). 

The choice of keto-heterocyclic ring systems available for dye formation is restricted 
to those strongly +-M heterocycles which form ethoxymethylene derivatives. Quaternary 
salts from 2-methylbenziminazole and 4-methylpyridine were condensed with two molecular 
equivalents of the ethoxymethylene derivatives of (VIla—d). Whereas | : 3-dimethyl- 
or 1: 3-diethyl-benziminazolium salt provided trinuclear dyes with derivatives of (VIla—c), 
l-ethyl-2-methyl-3-phenylbenziminazolium iodide formed the required dye only in the 
case of (VIIc), It is considered that steric factors prevent trinuclear-dye formation with 
(Vila and b) since these nuclei each have two substituent atoms or groups which would be 
adjacent to the conjugated trimethin chain, and these together with the l-ethyl-3-pheny] 
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groups of the benziminazolium salt hinder the approach of a second ethoxymethylene 
molecule to the a-carbon atom. Trinuclear dyes with 4-pyridy! nuclei were isolated only 
from the products of reactions involving derivatives of (VIIc and d). Again, steric 
hindrance or high solubility of the product prevented formation or isolation of the dyes 
containing the nuclei (VI1a and 6). 

Attempts to prepare trinuclear dyes (III) from the related dimethinmerocyanines (IV) 
with (a) ethoxymethylene derivatives (11), or (b) diethoxymethy! acetate and ketomethylene 
heterocyclic compounds (VII), failed. Since the dyes (IV) are therefore eliminated as 
intermediates, it is considered that compounds of type (III) are formed by way of inter- 
mediates such as (VIII). So long as the ethoxy-group on the §-carbon atom is retained, 

a compound of type (VIII) has the structure of a 

methylene base with a nucleophilically reactive a-carbon 

atom (arrows a), and can react with a second molecule of 

ethoxymethylene derivative. It is interesting that the 

ease of formation of trinuclear dye, as measured by the 

yields, is in the reverse order of the “ availability " of 
the methylene base from the respective quaternary salts (1) and may be a guide to 
the reactivity of the methylene bases.* 


* Knott, /., 1954, 1482. 
* Brooker, Dent, Heseltine, and Van Lare, J]. Amer. Chem. Soc., 1953, 76, 4335. 
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Absorption Spectra.—The trinuclear dyes described have high extinction coefficients 
(Table 1), implying a planar resonance system. It has been shown ® that, to satisfy this 
condition, one of the heterocyclic nuclei must be twisted from the plane of dye resonance, 


TABLE 1. Absorption maxima (a) (in my) and molecular extinction coefficients 
(b) (x10°) im various solvents, 

Dye Component Ben zene MeOH Aq. MeOH (1 : 2) 
no. B a b a b 4 b 
Dimethinmerocyanines (LV). 
(i) A = 1-R-3-R’-benziminazolin-2-ylidene. 

1-K 3-R’ 

Me Me Vile 

Et Ph Vila 

Me Me VIlb 


Et Vilb 
Et , Vile 
Et Vile 
7 Me Vild 


(ii) A = l-ethyl-1 : 4-dihydropyridin-4-ylidene, 
Vila 


Vilb 
Vile 


Vild 


(iii) Miscellaneous 
Component A Component B 
12¢ 1-Ethyl-1:4-dihydro- 3-Ethyl-2-thiothi- 
quinol-4-ylidene azolid-4-one 
13* 3-Ethylbenzothiazol- Ra ts 
in-2-ylidene 
14¢ 3-Ethylbenzothiazol- 3-Ethyl-2-thio-ox- 
in-2-ylidene azolid-4-one 
15 3-Methylthiazolidin-2- re = y 450 
ylidene 
16* 5-Chloro-3-ethyl benzo- 3-Ethyl-1-phenyl-2- f 508 
thiazolin-2-ylidene thiohydantoin 


Dye Componentsa,s, Benzene MeOH Aq. MeOH (1 : 2) Related tri- 
a b 


no B asin no a b a b methinoxonol * 


Trinuclear dyes (111). 
17 - 6-5 448 63 - 530° 
i 1466 
18 : a 50 463 . 536 
19 f . 11-8 567 5958 
i533 i562 
101 572 . 596% 
i538 1662 
54 580 , 595% 
1562 
ob 545 iam 


595 613° 
561 613° 
520 one 
530 -- —_ 
446 
16 —_ _ 523 — 
i = Inflexion. * In pyridine or MeOH. * Hamer and Winton, /,, 1949, 1126. * Jeffreys and 
Knott, /., 1952, 4632. ‘ Brooker, Keyes, Sprague, Van Dyke, Van Lare, Van Zandt, hite, 
Cressman, and Dent, J. Amer. Chem. Soc., 1951, 7%, 5332 
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and the dyes therefore behave as trimethinoxonols, or as chain-substituted dimethinmero- 
cyanines. The electronic analysis given in Part I resulted in the formulation of the dyes 
as mesoionic oxonols, with the third heterocyclic nucleus (A in III) at an angle to the plane 
of dye resonance. 

The small shifts of absorption maximum with solvent (4)m,,..) confirm this conception 
in the case of dyes containing benziminazole and pyridine nuclei. The absorption maxima 
of the other dyes (II1) (prepared by the method of Hamer et a/.) possessing heterocyclic 
nuclei (A, 8) with weaker 4+-M and —M effects, show greater changes of dm, with 
solvent. With the exception of the quinoline dye no. 23, all of these have absorption 
maxima at longer wavelengths than their related dimethinmerocyanines in the same solvent, 
and it is concluded * that they have the oxonol configuration. Trinuclear dye no. 23, 
derived from 3-ethyl-2-thiothiazolid-4-one and 4-methylquinoline may be compared with 
the corresponding known trimethinoxonol, and the related merocyanine dye no, 12. The 
latter merocyanine exhibits only small changes of Ama, with change of solvent and is 
probably almost energetically symmetrical. A further +M substitution in this system, 
giving dye no. 23, will reduce the energy of the mesoionic contributing structure and 
stabilize the oxonol configuration of the molecule, The trinuclear dyes of Table | are 
therefore considered as oxonols. However, it is to be expected that Adm, will be larger 
for dyes with weaker +-M heterocyclic nuclei, since stabilization of the mesoionic 
extreme structures by a polar solvent will be more pronounced than that of dyes possessing 
heterocyclic nuclei with strong —M and +M effects. Examples of this bathochromic 
increase in Adma, With imereased +-J effect of the cationic heterocyclic nucleus are: benz- 
iminazole dyes (1—8 mu) < benzothiazole dyes (27—47 my) < thiazoline dye (75 my). 

The 2-phenyloxazol-5-one 4-pyridyl dye (no. 22) is anomalous in formation and absorp- 
tion (hypsochromic Aims.) but the absorption maximum of the related trimethinoxonol 
is unknown, 

EXPERIMENTAL 

Microanalyses are by Mr. C. B, Dennis of these Laboratories. 

5-Ethoxymethylene-1 : 3-diethyl-2-thiobarbituric Acid.—-1 ; 3-Diethyl-2-thiobarbituric acid 
(60 g.) and ethyl orthoformate (125 c.c.) in acetic anhydride (500 c.c.) were heated on the steam- 
bath for 1 hr. The oil left after evaporation under reduced pressure was extracted with hot 


TABLE 2. Dimethinmerocyanine dyes (IV). 


Method of Cryst Yield Kequired 
No prep.“ from? Form ° (%) M. p Formula Found (° %) 
I B P-D Yellow Lf y 260°* CyH,,O Ny 


MD Brown Pr ‘ f CogHy, ON, 


P-M Yellow N 5 > C pH y0,N,8 
M ‘Yellow N 272 C,,H4,0,N,5 


_—— a 


sea 


B-L Red N f Cy 5H4,ON,S, 
Maroon Lf é Cy,H,y,ON,S, 


3=F 


P-D Maroon N CypH y7O.N, 


a=. 
Stes 


M-D Orange S ot Cig gO, 
MeOH 
P-M Maroon N, gold 12 300° C€,,H,,O,N,5 
reflex 
No solid isolated. Absorption measurements carried out on solutions 
B-L Purple 4 172) CysHy,O,N, C, 73-0, H, 5-5 
N, 9-4 9-6 
* See text. * B, benzene; D, ether; E, ethanol; L, light petroleum (b. p. 60--80°); M, methanol ; 
P, pyridine. * Lf, leaflets; N, needles; 5, sponge; P, plates; Pr, prisms. ‘ Together with tri 
nuclear dye. * Decomp, / Shrinks at 115°. * Shrinks at 212 


ligroin (b. p. 60--80°), and the extract was chilled and filtered. The product (35 g., 55%), 
recrystallized from ligroin as a straw-coloured powder, m. p. 63° (Found; N, 11-2; 5, 12-7. 


* Ref. c, Table | 
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C,,H,,0,N,5 requires N, 10-9; S, 12-5%), partly decomposing on recrystallization or storage, 

Dimethinmerocyanines (Table 2),--These dyes were prepared from the 2-2’- or 2-4’-anilino- 
vinyl heterocyclic quaternary salt (1 mol.) and ketomethylene heterocyclic compound (1 mol.) 
with acetic anhydride (1 mol.) and triethylamine (2 mols.) in ethanol (method A) or in pyridine 
(method Bb), by refluxing the solution for } hr. 


TABLE 3. Trinuclear oxonol dyes (111) (footnotes of Table 2 apply). 

Method of Cryst Yield Required 
of prep.* from? Form ¢ (%) M. p Formula Found (%) 

E M Orange P 203°* Cy Hy,ON, N, 

Ep .1 Orange P 305 = Cy,Hy,O,N,S, C, 574 

N, 

( Green Pr 247 CogH yO NS, N, 10-6, 5, 

( M_ Green Pr 261 

( Gold L 215 C,,H,,0,N,8, N, 01, S, 

E Green, N, gold 377° CoslHt,,0,N, C, 72-2, H, 47 

lustre N, #0 


Trinuclear oxonol dyes and some dimethinmerocyanines were obtained from the reaction 
of a 2- or 4-methyl heterocyclic quaternary salt (1 mol.) with an ethoxymethylene derivative 
of a ketomethylene heterocyclic compound (2 mols.) and triethylamine (2 mols.) in boiling 
ethanol for } hr. (method C), in ethanol at 20--40° for | hr. (method D), or in boiling pyridine 
for 4 hr. (method E). Method D involved the use of only | mol. each of ethoxymethylene 
derivative and triethylamine, to favour formation of the dimethinmerocyanine, 

In all cases the yield of crude dye was improved by the addition of a few drops of water to 
the cooled reaction solution. 

Anhydro-\-ethyl-2-[1-(2-ethylthio-5 -hydroxythiaz-4-ylmethylene)-2-(2-ethylthio - 5-oxothiazolin-4- 
ylidene)ethyl\-3-phenylbenziminazolinium hydroxide (V1) (dye no. 20).--2-(1-Ethyl-3-phenyl- 
benziminazolin-2-ylidene)-1 : 3-di(phenylimino)propane (V) (0-6 g.) and 2-ethylthiothiazol-5- 
one (prepared from 0-6 g. of N-ethylthiothiocarbonylylycine ’) with anhydrous sodium 
acetate (0-6 g.) in acetic anhydride (8 c.c.) were refluxed at 140-—-150° for 7 min, Ether 
(20 c.c.) was added to the cooled mixture, which was then filtered and distilled in a vacuum; 
a little methanol was added to the residue, which solidified. It was filtered off, washed with 
a little methanol, and recrystallized from pyridine-methanol as bright green prisms (0-2 g., 
25%), m. p. 261°, identical with a sample prepared by method C above (Found: C, 58-0; 
H, 47; N, 96; S, 22-4, C,,H,,O,N,S, requires C, 58-1; H, 4:5; N, 9-7; 5S, 22-2%), 

The author is indebted to Dr. E. B. Knott of these Laboratories for helpful discussion, and 
to Mr. V. Searle, also of these Laboratories, for absorption measurements. 
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? Aubert, Knott, and Williams, J., 1951, 2185 


581. Chemical Constitution and the Dissociation Constants of Mono- 
carboxylic Acids, Part XV.* Steric Effects in Substituted Nitro- 
benzoic Acids, 

By J. F. J. Dirpy, S. R. C. Hucues, and J. W. Laxton, 


The dissociation constants of nine disubstituted benzoic acids, two tri- 
substituted benzoic acids, and three nitrophenols in water at 25° have been 
determined by the conductivity method ; included are two series comprising 
dinitro- and chloronitro-benzoic acids. The results shed light on the 
operation of steric effects in the benzoic acid system 


Dissociation constants for dimethylbenzoic acids were published in Part XIII! and 
further constants for disubstituted benzoic acids are provided in the present paper. These 
acids comprise two series possessing a nitro- or chloro-substituent at the 2-position and a 
* Part XIV, J., 1954, 4102. 
' Dippy, Hughes, and Laxton, J., 1954, 1470. 
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second nitro-group at positions 3, 4, 5,and6inturn, 3: 4- and 3:5-Dinitrobenzo acids 
have also been included, together with two acids containing a third substituent. 

Table | sets out the mean thermodynamic dissociation constants (K) of these acids in 
aqueous solution at 25°. Dissociation constants previously recorded for these acids were 
(with one exception italicised in Table 1) classical values obtained by older, less reliable 
techniques; these values are included in Table 1 for completeness. Similarly the 
dissociation constants of three substituted phenols are contained in Table 2 for comparison. 


TABLE 1. Dissociation constants (10°K). 
Earlier values M. p. 

: 3-Dinitrobenzoic . 144° 146-5—147° 
: 4-Dinitrobenzoic 38-5 182-183 
: 6-Dinitrobenzoic , 264° 179-5-—180 
: 6-Dinitrobenzoic . 81-5 203—204 
: 4-Dinitrobenzoic , 1-63 * 164-5—165 

5-Dinitroben zoic . 1-62° f 208—209 

4: 6-Trinitrobenzoic 227—228 
Methyl-3 : 5-dinitrobenzoic “ 160-—161 
Chloro-3-nitrobenzoic . . 182-5-—183 
Chioro-4-nitrobenzoic D , 142-0-—142-5 
2-Chloro-5-nitrobenzoic ° . 6-24 164—165 
2-Chloro-6-nitrobenzoic - 164—164-5 
2-Bromo-6-nitrobenzoic . 177—-177-5 

* Sirks, Rec, Trav, chim., 1908, 27, 207. * Bethmann, Z. phys. Chem., 1890, 5, 385. * Kendall, 

J., 1912, 101, 1205, Data recalculated by McInnes, /. Amer. Chem. Soc., 1926, 48, 2068, using a 
corrected A, @ Holleman and de Bruyn, Rec. Trav. chim., 1901, 20, 208, 


be be S tO HO tO DS 


TABLE 2. Dissociation constants (K). 
This paper Earlier values M. p. 
2-Nitrophenol 59 x10* 43 x 10* to7 x lot 45-0-—45°5° 
2 : 6-Dinitrophenol 1-97 x lo 1-4 x lotr 62-2 
27 x los 

2:4: 6-Trinitrophenol 1-96 x 10> 23 x lore 121-4—-121-8 

* Bader, Z. phys. Chem., 1890, 6, 289. 4 Holleman and Herwig, Rec. Trav. chim., 1902, 21, 432. 
* Hantzech, er,, 1809, 32, 3066. * dem, Ber., 1907, 40, 1556. ‘ Rothmund and Drucker, Z, phys. 
Chem., 1903, 46, 827. 


EXPERIMENTAL 

Materials.-3 ; 4-Dinitrobenzoic acid was prepared from 3 : 4-dinitrotoluene, for which we 
thank Dr, O. L. Brady, by oxidation with potassium dichromate in 50% sulphuric acid. 2: 4- 
Dinitrobenzoic acid was obtained by refluxing 2: 4-dinitrotoluene with equal volumes of 
fuming nitric and glacial acids, 2: 3- and 2: 6-Dinitrobenzoic acids were made from ethyl- 
benzene and 2: 4: 6-trinitrotoluene, respectively, as described by Brady, Day, and Allen.* 

The four 2-chloromononitrobenzoic acids were provided by Dr. A. A. Goldberg of Ward, 
Blenkinsop and Co,, Ltd., and 2-bromo-6-nitrobenzoic acid by Dr. J. M. Dechary of Coates 
Chemical Laboratory, Louisiana, whom we thank. 

2:5- and 3: 5-Dinitrobenzoic, 4-methyl-3 : 5-dinitrobenzoic, and 2: 4: 6-trinitrobenzoic 
acids and the nitrophenols were purchased, 

All acids were recrystallised repeatedly from conductivity water to constant m. p. 
(determined after drying in desiccators for several weeks), and equivalents were confirmed by 
alkalinietry,. 

The water used had specific conductance 0-5-—-0-8 gemmho. 

Conductivity Measurements.-Measurements were made by means of the improved bridge 
network, and the conductivity cells and other equipment described earlier; solutions were 
prepared individually by weight at each concentration. The thermodynamic dissociation 
constants (Table 3) were calculated along the usual lines. A solvent correction was applied in 
the derivation of K for o-nitrophenol, 

Many of the acids examined were stronger (K10*—10") than most organic acids (10°*—10-*) 
hitherto examined in this Series, This entailed a change of procedure; the sodium-salt method 
of determining A, (acid) became less convenient and was replaced by Fuoss’s extrapolation 
method * in which measurements of equivalent conductivity of the aqueous acid solutions are 


* Brady, Day, and Allen, Js 1928, O81. 
* Fuoss, ]. Amer. Chem. Soc., 19356, $7, 488 
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used. In the higher range of acid strengths K is particularly sensitive to the value chosen for 
A, and the emergence of a thermodynamic dissociation constant from data covering a moderate 
range of low concentrations may be taken as justifying both values. 


TABLE 3. 


A (mhos 10°C 
cm.*) 1K (moles /I.) 


A (mhos 
em.*) 


10°C 
(moles /1.) 


10°C A (mhos 


(moles /!.) cm.*) 10K 


1K 


2 : 3-Dinitrobenzoic acid 


1-880 
1-537 
1-133 
0-9369 
0-8608 


(A, = 381-9) 


338-0 
344-9 
352-3 
356-7 
358-3 


2 : 4-Dinitrobenzoic acid 


4-004 
2-854 
2-090 
1-695 
1-609 
1-256 


(Ay = 381-9) 


343-6 
351-8 
358°3 
361-9 
362-7 
365-7 


37-2 
36-8 
37°8 
38-5 
37-8 
37-7 


2 : 5-Dinitrobenzoic acid 


3-909 
2-729 
1-132 
0-9126 
07321 
0-6176 


(Ay = 381-9) 
331-5 
342-7 
361-6 
364-7 
367-6 
369-4 


2 : 6-Dinitrobenzoic acid 


2-244 
1-718 
1-369 
1-019 


(A, = 381°1) 
364-4 
367-5 
369-3 
371-8 


72-6 
73-0 
72-3 
71-9 


3: 4-Dinitrobenzotc acid 


2-625 
1-770 
1-753 
1-305 
0-7513 
0-5455 
0-4934 


(Ag = 381-5) 


202-2 
228-1 
228-9 
247-7 
281-4 
298-8 
303-3 


eE2S8S8 


3 : 5-Dinitrobenzoic acid 


(A, = 383+7) 


164-6 
182-4 
206-6 
211-6 
246-2 
263-6 
283-6 


1-50 
1-50 
1-50 
1-50 
1-51 
1-50 
1-50 


2:4: 6-Trinitrobenzoic acid 


(Ag = 379-6) 


367-5 
368-1 
369-8 
371-5 
371-7 


224 
229 
214 
214 
228 


4-Methyl-3 : 5-dinitrobenzoic 
acid (A, = 378-2) 


3-275 
2-356 


165-7 
185-5 
221-1 
220-2 
250-5 
257-2 
260-5 
270-7 
289-2 


107 


2-Chloro-3-nitrobenzove acid 


1-841 
1-129 
0-5847 
0-5531 
0-5364 
0-3971 


(A, = 379-4) 


323-9 
340-8 
356-7 
357-5 
357-8 
362-6 


9-43 
9-58 
9-60 
9-56 
0-42 
0-47 


2-Chloro-4-nitrobenzotc acid 


2-045 
2-919 
1-789 
0-5842 


(Ag = 381-5) 


311-8 
312-0 
331-7 
360-7 


10-9 
10-9 
19 
10-9 


2-Chloro-5-nitvobenzoie acid 


(Ay = 3791) 


4-079 
2-942 
1-729 
1-492 
1-018 
0-5788 
0-4811 


2-Chloro-6-nitrobenzotc acid 


(Ay 
2-488 
2-418 
2-360 
1-445 
0-0000 
08198 


381-7) 
357-7 
357-9 
358-3 
365-8 
370-6 
371-2 


2-Bromo-6-nitvobensotc acid 


(Ag = 382-2) 
353-2 
356-6 
365-3 
365-4 
371-2 


3-061 
2-577 
1-501 
1-487 
08459 


2 : 6-Dinitrophenol (Ay = 379-2) 


0-8455 
0-7859 
0-7637 
06117 
06-4211 
04033 
60-3172 
06-3051 


145-6 
149-3 
151-1 
164-0 
186-5 
189-1 
204-6 
205-9 


0-198 
0-196 
0-197 
0-198 
0°197 
0-197 
0-198 
0-195 


2:4: 6-Trinitrophenol 


4-410 
4-024 
3-894 
2-548 
2-368 


o-Nitrophenol (Ag = 373-0 computed) 
A (mhos 10°C A (mhos 
cm.*) 1K (moles/l.) om.*) 10*K 
1-411 5-8 1-905 2-068 59 
1-778 59 1-693 2-232 61 
1-872 6-0 


10°C 
(moles /I.) 
4-237 
2-601 
2-365 


The values of A, included in Table 3 exhibit none of the regularities usual in related mono- 
This is perhaps connected with the fact that in this series anomalies are 
introduced by large steric factors which are likely to influence variously and anomalously the 
solvation characteristics of the different anions. 


carboxylic acids. 
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Discussion 


The determination of accurate dissociation constants for polysubstituted benzoic acids 
serves many useful purposes, Such data are required for the examination of the principle 
of additivity of structural parameters based on dissociation constants of monosubstituted 
acids.* The series of acids examined in this paper also have an interesting bearing on 
current theories of the steric interaction of adjacent substituent groups in the benzene 
ring, and in one case steric inhibition of mesomerism arising at a point remote from the 
reactive centre (carboxyl) is exhibited, 

Dinitrobenzoic Acids.-In a 3: 4-disubstituted benzoic acid the 3-substituent might 
inhibit the mesomeric effect of the group in the 4-position ;! this is not expected when the 
4-substituent is methyl but can occur with a substituent such as nitro where the —M 
effect, to be unimpaired, calls for coplanarity of the group with the benzene ring. A 
sufficiently bulky 3-substituent interferes with such coplanarity and this can be traced in 
the similarity in strengths of 3:4- and 3: 5-dinitrobenzoic acids (cf. the appreciable 
difference in strengths of m- and p-nitrobenzoic acids, 105K = 32-1 and 37-6 respectively,® 
where the —M effect of the nitro-group is fully operative from the 4-position). The 
mutual steric interference of two adjacent nitro-groups resembles the interference between 
carboxy! and an adjacent nitro-group, because the steric requirements of carboxyl and 
nitro-groups are similar. Such steric inhibition of mesomerism cannot occur, however, 
between two methyl groups, as the strengths of dimethylbenzoic acids show.! A similar 
instance of steric inhibition involving a nitro-group at a point remote from the reactive 
centre was noted by Wheland, Brownell, and Mayo * who point out that 4-nitro-2 ; 6: 1- 
xylenol is a stronger acid than 4-nitro-3 : 5: 1-xylenol although this is not to be expected 
if the formal polar influence of the substituents are normally operative; this is evidence 
of the steric interference of methyl with nitroxyl, which is reasonable in view of the known 
obstruction to the coplanarity imposed by methyl in the 2-methyl- and 2: 6-dimethy! 
benzoic acids. The ready dinitration of mesitylene has been attributed by Dewar 7 to a 
similar inhibition of the —M effect of nitro- by methyl groups. 

The fact that 2: 5-dinitrobenzoic acid is considerably stronger than the 2 ; 3-isomer is 
probably due to an additional depression of the —M effect of the 2-nitro-group in the 
latter. This implies that the normal polar effects of the ortho-substituents may make a 
substantial contribution to the dissociation constant, and that in o-nitrobenzoic acid the 
inhibition of mesomerism, which can be experienced by both substituents, is brought 
about particularly in carboxyl (which is less strongly conjugated with the benzene ring 
than nitro) and hence accounts for the unusually high strength. The flanking of the 
2-nitro-group by a substituent at the 3-position, however, depresses appreciably the —M 
effect of nitro-groups (actually both nitro-groups are affected) ; this is seen in the departure 
from the additivity principle (expressed in terms of the free energy of ionisation) * which 
in the case of 2: 3-dinitrobenzoic acid is relatively large (viz. —14%,; cf. —6°%, for the 
2 : b-acid), 

Where an additional nitro-group is not in close proximity to groups already present 
the increment in strength should be normal, Thus no additional steric factor is introduced 
if a 4-nitro-group is inserted into o-nitro- and 2 : 6-dinitro-benzoic acids, and the increase 
in the strengths of the acids so obtained is as expected. 

The dissociation constant for 2 : 6-dinitrobenzoic acid shows that the introduction of 
a nitro-group into the second ortho-position in benzoic acid does not maintain the magnitude 
of the enhancement caused by the introduction of the first o-nitro-group (there is a —25°%, 
departure from additivity). It is as though the carboxyl has already experienced such 

* The free-energy increment for each individual substituent is derived from the strengths of mono- 
substituted benzoic acids in water at 25° recorded by Dippy.* 


* (a) Shorter and Stubbs, /., 1949, 1180; (b) Derick, /. Amer. Chem. Soc., 1011, 88, 1152; (c) Weg- 
scheider, Montash., 1902, 23, 288; (d) Brown, in Braude and Nachod’s ‘‘ Determination of Organic 
Structures by Physical Methods,"’ Academic Press, New York, 1955, pp. 591-—596. 

* Dippy, Chem. Rev., 1939, 25, 181 

* Wheland, Brownell, and Mayo, /. Amer. Chem. Soc., 1948, 70, 2492 

' Dewar, “ Electronic Theory of Organic Chemistry,’’ Oxford Univ. Press, 1949 p. 203. 
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effective compression that the second nitro-group exerts only a small additional steric 
obstruction. This is not to say that the —M effect of the second nitro-group is not also 
inhibited somewhat. 

The fall in strength brought about in 3: 5-dinitrobenzoic acid by the introduction of 
a 4-methyl group is normal, namely, that predicted by the additivity principle (—1-3% 
departure). This is a little surprising since some steric interaction leading to inhibition 
of the mesomeric effects of both nitro-groups might be expected even though this involves 
relay from the meta-position. In addition, a hyperconjugative resonance interaction 
between vicinal methyl and nitroxyl might have influenced the acid strength. 

In certain of the foregoing acids steric interference with the resonance contribution of 
the nitro-group appears as a reduction of the relative acid strengths, but this feature is not 
confined to benzoic acids, as the strengths of nitrophenylacetic, 6-phenylpropionic, and 
cinnamic acids reveal ® (see Table 4). 


TABLE 4. Dissociation constants. 


Substituent o-NO, m-NO, p-NO, 
Cinnamic acid (105K) 3-6! ’ 715 5 oO 
Phenylacetic acid (104K) ' oi 4 
B-Phenylpropionic acid (10%K) 2-14 315 3-36 
Phenylboronic acid (10'°K) s h 98 
These data relate to aqueous solution except those for the phenylboronic acids which apply to 
25% aqueous ethanol 


Originally an internal hydrogen bond was suggested *® to explain the fact that in each 
system the o-nitro-acid is the weakest of the three isomers, which were expected to give the 
order of strengths, ortho <= para > meta. Now, a more likely explanation is that the 
side-chain carrying carboxyl in each of these systems inhibits the — M effect of the o-nitro- 
group by exerting steric obstruction to uniplanarity; this assumes that a mesomeric effect 
can be relayed through a saturated side-chain, a proposition * now generally accepted, Of 
the isomeric mononitrophenylboronic acids }° (Table 4) the o-nitro-isomer is considerably 
the weakest, and here again the foregoing explanation could be advanced. Separate and 
specific explanations have been offered, however, for this observation; one '! proposes that 
the oxygen of a nitro-group co-ordinates with the boron atom, and the other regards the 
interaction of boronic acids with water as one which does not lead to protolysis of the 
parent acid but to its acquisition of OH~, a process which is depressed by a bulky ortho- 
substituent (so-called F-strain in the anion). 

The lack of a large “ ortho-effect ’ in substituted phenols has already received much 
comment. The dissociation constants of 2-nitro-, 2: 6-dinitro-, and 2: 4: 6-trinitro-phenol 
have now been derived by our conductimetric procedure (Table 2), and the steady increments 
of strength with progressive introduction of nitro-groups, testify to the absence of appreci- 
able steric factors. 

Chloronitrobenzoic Acids—-The acids examined comprise o-chlorobenzoic acid substituted 
in turn at all positions with one nitro-group, and it is seen that the enhancement in strength 
caused by nitroxyl varies considerably with its position, the departures from additivity 
being : 3-NO,, +10%; 4-NO,, +10%; 5-NO,, —3%, and 6-NO,, —13%,, 

The dissociation constants of 2-chloro-3-nitro- and 2-chloro-5-nitro-benzoic acids differ 
appreciably and the enhancement shown in the former acid is not easily explained unless 
it is due to mutual repulsion between the 2- and the 3-substituent leading to more effective 
steric influence of the spherically symmetrical chlorine atom upon the adjacent carboxyl 
group. 

As in the dinitrobenzoic acid series, occupation of ortho-positions by a halogen and 
a nitro-group leads to an acid strength far short of additivity requirements, as the values 


* Dippy and Lewis, J., 1937, 1426. 

* Dippy, Watson, and Williams, /., 1935, 346. 

Bettman, Branch, and Yabroff, J. Amer. Chem. Soc., 1934, 56, 1865 

'! Ingold, “ Structure and Mechanism in Organic Chemistry,’’ Bell, London, 1953, p. 750 
'* McDaniel and Brown, |. Amer. Chem. Soc., 1955, 27, 3756 
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of K for 2-chloro-6-nitro- and 2-bromo-6-nitro-benzoic acids show (deviations of — 13%, and 
~ 16%, respectively). Once again, it can be concluded that the second ortho-substituent 
here produces a smaller compression effect upon carboxyl {in contrast with the large steric 
contribution to the inhibition of resonance made by introducing 6-nitro- or 6-methyl into 
o-toluic acid (1K: o-toluic, 0-124; 2-methyl-6-nitrobenzoic, 13-4; 2: 6-dimethyl- 
benzoic acid, 0-568)|. The fact that the bromo-acid is weaker than the chloro-acid in the 
foregoing cases underlines that bulk is not the only substantial factor determining strength 
in these ortho-acids. The importance of the direct component of the inductive effect must 
not be overlooked where such a strongly electronegative group as halogen approaches the 
reactive centre so closely (cf. Brown 4), 

The strength of 2-chloro-4-nitrobenzoic acid is unexpected; the introduction of the 
4-nitro-group into 2-chlorobenzoic acid should be normally additive whereas in fact a 

| 10-2% departure from additivity is shown. 

It seems reasonable to conclude that the additivity principle cannot in most cases be 
applied to the strengths of disubstituted benzoic acids CgH,(X Y)*CO,H because it embodies 
the assumption that the carboxyl group is influenced independently by the substituents 
X and Y. Only in the absence of additional resonance interaction between X and Y, or 
of additional steric interaction between X and Y or between X or Y and carboxyl, might 
such an expectation be realised with any degree of certainty. (Such factors can have a 
profound effect upon acid strength and, where they are manifested only in the poly- 
substituted acid, any prediction based on the dissociation constant data for appropriate 
monosubstituted acids will be unrealistic. Any conclusions that can be drawn from Shorter 
and Stubbs’s analysis ™ suffer from the additional disadvantage that the dissociation con- 
stants used by them were classical data from the literature, and derived by old, unrefined 
techniques. Thus, for instance, in acids of a high order of strength the value of 
K thermodynamic (true strength) might be as much as twice the value derived for Keisssieat- 

As discussed by Ingold and Hammett,!* the structural changes brought about near 
the site of proton transfer will affect both the heat change and entropy change of the 
process, whereas structural changes at a more distant point will affect significantly the 
heat change only. Again, if the energy of proton transfer is regarded along the lines 
proposed by Gurney !* as being made up of a part sensitive to environment and a part 
insensitive to environment, a short-range disturbance (steric factor), affecting the solvation 
characteristics of the protolytic system, could render the dissociation constant abnormal 
by disturbing the proportions of the contributions of the two parts. Thus a wide departure 
from the additivity principle of the strength of a particular acid might well be regarded 
as indicating the operation of a steric effect. Further criteria can be taken to be any 
departure from standard behaviour of the group of related acids under review either when 
the strengths in different media (of similar chemical character, ¢.g., hydroxylic solvents) are 
compared '7 or in respect of the trend of temperature dependence. A very small amount 
of experimental evidence already exists which may support this approach, but, for the 
present, scarcity of experimental data prevents the further elucidation of the problem of 
steric effects in benzoic acids along these lines. 

The recent examination of the cumulative effects of substituents on the activation 
energies of the alkaline hydrolysis of a limited range of substituted ethyl benzoates '* 
also shows that the outcome of the joint operation of two groups in the benzoic system is 
approximately the sum of the individual effects only where steric interaction of groups is 
negligible (notably in 3 ; 5-disubstituted benzoic esters). 


CuheMistry DerParRTMENT, 
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582. cycloHexane-1 : 3-diones, Part I. Hydrolysis of Ethyl 
2 : 4-Dioxo-6-styrylcy clohexanecarboxylate. 
By G. R. Ames and W. Davey. 


Vigorous hydrolysis of ethyl 2 ; 4-dioxo-6-styrylcyclohexanecarboxylate 
gave 5-oxo-3-phenethylhex-2-enoic acid (V1) instead of the expected 5-oxo-3- 
styrylhexanoic acid, Wolffi-Kishner reduction of the acid (VI) yielded 3- 
phenethylhex-2-enoic acid (VII), the geometrical isomer of which was 
synthesised from 1-phenylhexan-3-one, Evidence regarding the configur- 
ation of these isomers is presented. 


VorLANDER 4* showed that hydrolysis of cyclohexane-1 : 3-diones (Il) and the derived 
carboxylic esters (11) afforded 3-keto-acids (I11). The hydrolysis of the diones (I and IT; 
R = Ph) has been thoroughly investigated by Vorlander,*?, Knoevenagel,’ and Michael.* 
The styryl diones (IV) and (V) were prepared by Vorlinder ®** by addition of diethyl 


R+ CH CH, COMe 
CH,*CO,H 


(1) (Ht) 


malonate to cinnamylideneacetone, and their structures were proved by oxidation of the 
former to $-styrylgutaric acid, which was further oxidised to tricarballylie acid, but no 
further work on them has been reported. The present work constitutes an investigation of 
the hydrolysis of the dione (V). First, the following evidence in support of the structure 
(VY) was adduced: ozonolysis gave benzaldehyde, and treatment with perbenzoic acid 
resulted in the uptake of 1 mol. of oxygen. 

Hydrolysis of either dione (IV) or (V) with hydrochloric acid yielded a keto-acid, 
subsequently identified as (VIj, which was reduced by the modified Wolff-Kishner or the 
Clemmensen method to the olefinic acid (VI1), characterised as its amide and nitrile, 


° 


PhCH: CH > RIES -G-CH, “Cort <= — PhCH CH 
HO,C+C+H 


(IV) n (VI) Pa (V) 


EO. Oo 


Pr Deh Hoc sath fp cn sei. See yl lial Phe CH) CH) C-CH.» CRIOH) «CH, 
I 
CH, * CO,H HO,C+C-H HO,C:C+H 
(VIII) (VIL) (IX) 


The ultraviolet spectra of these acids (VI) and (VII) (see Table) do not show the intense 
absorption at about 250 my expected for the styryl chromophore,’ but show a series of weak 
bands characteristic of an unconjugated benzene ring. In the diones (IV) and (V) the 
styryl absorption coincides with the 6-diketone band, although comparison with the phenyl 
homologues (I and Il; R = Ph) shows that in compounds of this type the styryl group 
contributes ca. 20,000 to the mfolecular extinction coefficient at 255 mu. Bands at 1679 


Vorlinder, Ber., 1894, 27, 2053. 

Idem, Annalen, 1896, 294, 253. 

Knoevenagel, Ber, 1894, 27, 2337 

Michael, thid., p. 2126. 

Vorlinder, Annalen, 1896, 204, 273. 

Vorlinder and Groebel, ibid., 1906, 345, 206. 

Overberger and Tanner, /. Amer, Chem. Soc., 1956, 77, 369. 
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and 1687 cm. ' in the infrared spectra of the acids (V1) and (VII) respectively confirm the 
conjugation of the carboxyl groups. The alternative structure (VIII) for the keto-acid can 
be ruled out because the semicarbazone has maximum absorption at 230 my (e 16,700) 
characteristic of an unconjugated ketone. 

The hydroxy-acid (IX; R = H) was obtained from the keto-acid by reduction with 
potassium borohydride and by hydrogenation in alkali with a Raney nickel catalyst. The 
homologous acid (IX; R « Me) was produced by the action of methylmagnesium iodide 
on the parent (VI). These hydroxy-acids are not lactonised when heated above the 
melting point, which indicates that the carboxyl group has the trans-configuration with 
respect to the acetonyl group, as shown in (VI). 

Palladium-catalysed hydrogenation of the styryl-diones (IV) and (V) yielded the 
phenethyl-diones (I and II; R = CH,Ph°CH,), both of which were hydrolysed to the 
saturated keto-acid (III1; R = CH,Ph’CH,), whence Clemmensen reduction afforded 
3-phenethylhexanoic acid, 


Ultraviolet light absorption in ethanol.* 


Compound Ages (my) £ Compound Ayes (mp) & Compound Awan. (Mp) os 
33,900 Meesterfrom 259 389 XII 17,800 
42,500 VI 265 479 2 1780 
VI 24s 273 437 . 1200 
2575 15,100 XV y 280 
300 
320 
260 
240 


XIV; Kekt 
XIV; Rw H 
Amide from 263 
XVI 257 
266 
273 
* Italicised figures denote inflexions, 


No isomerisation similar to that described above occurred on hydrolysis of the Michael 
adduct (X) obtained from 2 ; 2-dimethyl-7-phenylhepta-4 : 6-dien-3-one (cinnamylidene- 
pinacolone) (XI). The acid (XII) thus obtained gave benzaldehyde on ozonolysis, and the 
ultraviolet spectrum confirmed the presence of the styryl group. The absence of isomeris- 
ation during hydrolysis of the ester (X) suggests that the isomerisation with the cyclic 
compound (V) depends on the cleavage of the ring. 


CH," cosu‘ CH, COBa® 


Ph*CH!CH+CH:CH*COBy® —® Ph-CH:CH+CH Ph = CHiCH:CH 
CH(CO;Et), CH,*CO3H 
(XI) (X) (XI) 


Confirmation of the structure (VII) assigned above was sought by independent 
synthesis. Condensation of 1-phenylhexan-3-one (XIII) with ethyl cyanoacetate yielded 
the cyano-ester (XIV; R = Et) which, on hydrolysis with hydrochioric acid, unexpectedly 
afforded the eyano-acid (XIV; R «= H). The structure of the latter was shown by the 
similarity of its ultraviolet spectrum to that of its ester (see Table). 

The cyano-acid (XIV; R «= H) was decarboxylated at 200°; but the nitrile obtained 
was not pure, so its identity, or isomerism, with the nitrile derived from the acid (VII) 
could not be established. Both nitriles showed an infrared band at 2224 cm.~!; Kitson 
and Griffith * give 2225 + 8 cm. for conjugated nitriles. In order to correlate the 
structures of the two nitriles, the conversion of the nitrile from the cyano-acid (XIV; 
R = H) into the amide with alkaline hydrogen peroxide was attempted, but unchanged 


* Kitson and Griffith, Analyt. Chem., 1952, 24, 334. 
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nitrile was recovered; and the cyano-acid itself was also unaffected by this treatment. 
Alkaline hydrogen peroxide converted the cyano-ester (XIV; R = Et) into a compound 
C,5H,,03N, isolated as the hemihydrate, which was not decarboxylated at 200° and whose 
ultraviolet spectrum (see Table) is characteristic of an unconjugated benzene ring. The 
infrared spectrum in Nujol mull shows bands attributed to amide (3352, 3180, 1670, 1645, 
1422 cm.~!), lactone (1747 cm.~"), and pheny! (1607, 1493 cm.') systems; in chloroform the 
lactone band is at 1737 cm.!. Grove and Willis ® and Berson ' assign 1740 cm. to 8- 
and 1770 cm.! to y-lactone systems. The spectroscopic evidence is therefore compatible 
with formula (XVa or b) rather than the corresponding y-lactones. Structure (XVb) is 
tentatively assigned to the lactone-amide, the alternative (XVa) being considered unlikely 
since the compound was not reduced by hydrogen in the presence of palladised charcoal. 
Chi, CH," CH, 


Ph+CH,*CH,*CO-CH,* CH; CH; —_ Ph: CH, CH,*C 


Ath Pax 
Ph-HC CH-CH,+CH,-CH, Perey hh 


? 
CH-CH, 


O. CH-CO-NH, HN CO“HE. 


co 
(XV a) (XVb) 


Because of the incomplete hydrolysis of the cyano-ester (XIV; R = Et) by hydro- 
chloric acid, the use of hydrobromic acid was examined. The oily acid (XVI) produced 
was converted directly into the amide, m. p. 140°, which was not identical with the amide, 
m. p. 145°, of the unsaturated acid (VII). The ultraviolet spectra of the new amide and 
the methyl ester (see Table) showed no strong absorption above 220 mu. In view of the 
configuration (VII) assigned above, this acid must be the cis-isomer (XVI), 


yen oe CH, CH, 
(XVI) H+C*CO.H 


Attempts to interconvert the amides of the isomers (VII) and (XVI) by ultraviolet light 
in the presence of iodine !! were unsuccessful, and the acids were not isomerised by hydro- 
bromic acid or aqueous sodium hydroxide. 

Finally, 3-phenethylhexanoic acid was obtained from the cyano-ester (XIV; R = Et) 
by hydrogenation and hydrolysis. Comparison of the amides showed that the product 
was identical with the sample obtained from the cyclic ester (IL; R = CH,Ph’CHy,). 


CH,*CH,*CH, Hy Cre "CH pn yCH, 
PCRS > Pe Cry: hGH > elk Masta 
C(CN) -CO, Et CH(CN)*CO, Et CH,-CO,H 


EXPERIMENTAL 


Ultraviolet spectra were determined in 96%, EtOH with a Unicam SP 500 spectrophotometer, 
Infrared spectra were measured for Nujol mulls unless stated otherwise 

trans-5-Oxo-3-phenethylhex-2-enoic Acid (V1).--Ethyl 2: 4-dioxo-6-styryleyclohexanecarb- 
oxylate * (162 g.) was refluxed with concentrated hydrochloric acid (1200 ¢.c,), acetic acid 
(800 c.c.), and water (800 c.c.) for 15 hr. Concentration under reduced pressure followed by 
dilution with water gave trans-5-ox0-3-phenethylhex-2-enoic acid as pale yellow crystals (102 g., 
78%), m. p. 120-—-122°. Recrystallisation from aqueous alcohol afforded colourless plates, m. p. 
127—-128° (Found: C, 72-1; H, 66. C,,H,,O, requires C, 72-4; H,69%). The semicarbazone 
formed prisms, m. p. 211°, from methanol (Found: N, 14:2. C,,HO,N, requires N, 146%). 

* Grove and Willis, J., 1951, 881. 


” Berson, |. Amer. Chem. Soc., 1964, 76, 4074. 
'! Cawley and Nelan, thid., 1966, 77, 4130. 


3004 Ames and Davey : 


Successive treatment of the acid with ethereal diazomethane and aqueous ammonia yielded the 
amide, needles, m. p. 166--167°, from water (Found: C, 722; H, 7-4; N, 66. Cy H,,O,N 
requires C, 72-7; H, 74; N, 61%). The keto-acid was not lactonised when heated with 50% 
sulphuric acid. 

trans-3-Phenethylhex-2-enoic Acid (VII),—(a) By the modified Wolff-Kishner method.™ A 
mixture of the acid (V1) (12 g.), sodium hydroxide (6 g.) in water (6 c.c.), 80% hydrazine hydrate 
(15 c.c,), and ethylene glycol was boiled under reflux for 1-5 hr., distilled until the temperature 
of the mass reached 200°, and then refluxed for 6 hr. Pouring into water and acidification gave 
the acid, m. p, 80-—-85°. On recrystallisation from light petroleum (b. p. 60—80°), trans-3- 
phenethylhex-2-enoic acid formed needles, m. p. 97-—98° (10-3 g., 82%) (Found: C, 76-5; H, 
82%; equiv., by titration, 216. C,,H,,O, requires C, 77-0; H, 8-3%,; equiv., 218). 

(b) By the Clemmensen procedure. Reduction of the keto-acid (VI) with amalgamated zinc 
(10 g.) in concentrated hydrochloric acid (10 ¢.c.) and acetic acid (20 c.c.) gave the acid (VII) 
(1-1 g.), m. p. and mixed m. p, 96—08°. The p-bromophenacyl ester formed needles, m. p. 102— 
103°, from aqueous ethanol (Found; C, 64-0; H, 5-6. C,,H,,O,Br requires C, 63-6; H, 5-6%). 
The acid (VII) was not oxidised by performic or perbenzoic acid. No recognisable products 
were obtained on oxidation with potassium permanganate or ozonolysis. 

Methyl trans-3-phenethylhex-2-enoate, obtained by the action of diazomethane on the acid, 
had b. p, 135-—-136°/2 mm., ni? 1-5220 (Found: C, 77-8; H, 86. C,sH gO, requires C, 77-6; 
H, &7%). Ultraviolet absorption : Ags, 237, 242, 248, 263, 269, 261, 264, 268 my (e 95, 117, 
159, 200, 240, 234, 182, 174 respectively). 

trans-3-Phenethylhex-2-enoamide, obtained by treatment of the acid with thionyl chloride 
and then with ammonia, formed needles, m. p. 145°, from benzene (Found: C, 77-6; H, 8-6; 
N, 675. C,HyON requires C, 77-4; H, 8-75; N, 65%). Ultraviolet absorption: Aj, 242, 
248, 263, 259, 261, 264, 268 my (e 170, 214, 269, 302, 205, 240, 234 respectively). 

trans-3-Phenethylhex-2-enonsivile, obtained when the amide was refluxed with thionyl 
chloride for 2 hr., had b, p, 126—-128°/0-6 mm., nif 1-6396 (Found; C, 84-0; H, 8-8; N, 6-8. 
CyH,,N requires C, 84-4; H, 86; N, 7-0%). 

trans-5-H ydroxy-3-phenethylhex-2-enoic Acid (IX; R = H).—(a) By potassium borohydride. 
A solution of the keto-acid (V1) (5 g.) and potassium borohydride (3 g.) in water (50 c.c.) was 
set aside for 3 days. Acidification then yielded the hydroxy-acid, needles, m. p. 115—117°, from 
benzene (Found: C, 71-3; H, 7-7. C,,H,,0, requires C, 71-8; H, 77%). Ultraviolet 
absorption : Ame 238, 243, 249, 262, 254-6, 258, 261, 265, 268 my (e 111, 134, 187, 176, 235, 204, 
242, 155, 133 respectively). 

(b) By catalytic hydrogenation. When a solution of the keto-acid (6 g.) in ethanol (150 c.c.) 
and 2n-sodium hydroxide (20 c.c.) was shaken under hydrogen in the presence of Raney nickel 
(W 7; ca. 5 g.), absorption ceased after the uptake of 1 mol. Removal of the catalyst, con- 
centration, and acidification gave the hydroxy-acid (5-7 g.), m. p. and mixed m. p. 114— 116°. 

trans-5-/1 ydroxy-5-methyl-3-phenethylhex-2-enoic Acid (IX; R = Me),—-Methylmagnesium 
iodide (5 mol.) in ether (100 c.c.) was added during 1 hr. to a suspension of the keto-acid (VI) 
(6 g.) in ether. After 2 hr. at room temperature, the mixture was heated on a steam-bath for 
30 min, Working up in the usual manner gave 3-2 g. of material, m. p. 149—152°. 
Kecrystallisation from benzene afforded the hydroxy-acid as needles, m. p. 154—-155° (Found : 
C, 72-6; H, 79. CygHggO, requires C, 72-6; H, 81%). 

Ethyl 2+ 4-Dioxo-6-phenethylcyclohexanecarboxylate (Il; R = CH,Ph°CH,).—-When the 
styryl analogue was hydrogenated in ethanol in the presence of palladised charcoal, 1 mol. 
was taken up; the product crystallised from benzene-light petroleum (b. p. 60—80°) as needles, 
m. p, 93-—04° (Found; C, 70-1; H, 6-9. C,,H,,O, requires C, 70-8; H, 69%). Ultraviolet 
absorption | Ana, 258 mu (¢ 18,200). 

5- Phenethyleyclohexane-1 : 3-dione (1; R «= CH,Ph-CH,).—-Similar hydrogenation of 5- 
styryleyclohexane-1 ; 3-dione gave the saturated dione, needles, m. p. 148-—149°, from benzene 
(Found: C, 780; H, 7-6. C,H,.O, requires C, 77-7; H, 7-56%). The ultraviolet spectrum 
had A... 255 mu (e 24,000), 

5-Oxo-3-phenethylhexanoic Acid (111; R = CH,Ph-CH,).—-5-Phenethyleyclohexane-1 : 3- 
dione (3 g.) was boiled under reflux with concentrated hydrochloric acid (45 c.c.) and acetic acid 
(15 c.c.) for 20 hr. Isolation of the acidic fraction with ether furnished the acid as an oil (2-7 g.) 
(Found: C, 71-6; H, 7-6. C,,H,sO, requires C, 71-8; H, 77%). The 2: 4-dinitrophenyl- 
hydrazone crystallised from benzene as orange-yellow needles, m. p. 146—-147° (Found : C, 57-6; 


“ Huang-Minlon, J. Amer. Chem. Soc., 1946, 68, 2487. 
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H, 5-3; N, 13-0. CygH,,O,N, requires C, 58-0; H, 5-4; N, 135%). Similar hydrolysis of the 
dione-ester (II; R = CH,Ph-CH,) afforded an oily acid, which gave the same 2: 4-dinitro- 
phenylhydrazone. 

3-Phenethylhexanoic Acid.—The foregoing keto-acid (5 g.) in acetic acid (50 c.c.) was reduced 
by amalgamated zinc wool (25 g.) in boiling concentrated hydrochloric acid (25 c.c.) for 16 hr. 
After concentration under reduced pressure, the product was isolated with ethyl acetate. 
3-Phenethylhexanoic acid had b. p. 154—156°/1-2 mm., ni?! 1-5202 (Found: C, 76-4; H, 8-5. 
CygHyO, requires C, 76-3; H, 91%). The amide, prepared by successive treatment with 
thionyl chloride and ethereal ammonia, crystallised from water as needles, m. p. 91-—-92° 
(Found: C, 77-0; H, 9-8; N, 60. C,,H,,ON requires C, 76-7; H, 97; N, 64%), Ultra- 
violet absorption : Ag, 237, 243, 253, 255, 259, 261, 265, 268 my (e 100, 120, 224, 229, 263, 269, 
200, 219 respectively). The acid with ethereal diazomethane yielded the methyl ester, b. p. 
105°/0-6 mm., nif 1-4935 (Found: C, 77-4; H, 94. C,,H,,O, requires C, 769; H, 95%). 
Ultraviolet absorption : Aga, 243, 245, 254-5, 259, 261, 264, 268 mp (ce 91, 138, 191, 229, 178, 
182 respectively). 

2: 2-Dimethyl-7-phenythepta-4 : 6-dien-3-one (XI1).—A mixture of pinacolone (26-1 g.), 
cinnamaldehyde (37-8 g.), ethanol (100 c.c.), and n-sodium hydroxide (60 c.c.) was shaken for 
3 days. Isolation of the products with benzene followed by distillation gave the dienone, b. p. 
134—-136°/0-8 mm. (20 g.), which crystallised from light petroleum (b. p. 60—-80°) as pale 
yellow prisms, m. p. 58-—-60° (Found: C, 84-2; H, 85. C,,H,,O requires C, 84-1; H, 86%). 
Ultraviolet absorption : Aa, 231, 325 my (e 7900, 34,700 respectively). The semicarbazone 
formed prisms, m. p. 128—129°, from benzene~light petroleum (b. p. 60--80°) (Found ; N, 16-6. 
CygH,,ON, requires N, 15-5%); ultraviolet max. at 227, 302, 308 my (¢ 14,400, 26,900, 26,300 
respectively). 

6 : 6-Dimethyl-5-ox0-3-styrylheptanoic Acid (XI1).-The above ketone (8-8 g.) was added to a 
suspension of diethyl sodiomalonate (from sodium, 1-0 g., and diethyl malonate, 6-9 g.) in ether, 
After boiling for 6 hr., the solution was evaporated ; the residue was taken up in ethanol (100 c.c.) 
and refluxed with potassium hydroxide (15 g.) in water (50 c.c.) for 4 hr. Isolation of the acidic 
products gave the crude diacid which was decarboxylated by heating it to 170°. The acid 
(6-3 g.) obtained crystallised from water as the hemihydrate, needles, m. p. 93---94° (Found; C, 
72-3; H, 7-8. Cy7HgO,,4H,O requires C, 72-0; H, 8-2%). The semicarbazone formed rhombs, 
m. p. 115-—-117°, from benzene (Found: N, 13-2. C,,H,,O,N, requires N, 12-7%), 

Ozonolysis of the acid in acetic acid afforded benzaldehyde, identified as the 2 : 4-dinitro- 
phenylhydrazone, as the only steam-volatile product. 

1-Phenylhexan-3-one (X1I1).—-Condensation of f- phenylpropiony| chloride with di-n-propyl- 
cadmium according to Cason’s general procedure gave a 71%, yield of 1-phenylhexan-3-one 
b. p. 93--96°/2 mm., nf 1-5010. Rupe and Hirschmann “ give b. p. 133--135°/8 mm. The 
2: 4-dinitrophenylhydrazone, orange prisms from methanol-ethyl acetate, had m, p, 170-—-172° 
(Found: N, 15-8. C,,H,,O,N, requires N, 15-7%). The semicarbazone formed needles, m, p. 
a -88°, from benzene-light petroleum (b. p. 60-—-80°) (Found; C, 66-7; H, 82. Calc. for 

Cy3H,,ON,: C, 66-9; H, 8-2%); Rupe and Hirschmann ™ give m, p, 79°. 

Ethyl 2-Cyano-3-phenethylhex-2-enoate (XIV; R = Et).--A mixture of 1-phenylhexan-3-one 
(28-4 g.), ethyl cyanoacetate (22-4 g.), and acetic acid (8-0 g.) in benzene (200 c.c,) was refluxed 
for 45 hr. under a Dean and Stark separator. Ammonium acetate (9-0 g.) was added in 0-5 g. 
portions at intervals.“ The solution was washed with sodium hydrogen carbonate solution, 
dried, and evaporated. Fractionation yielded ethyl 2-cyano-3-phenethylhex-2-enoate (31-8 g., 
73%), b. p. 159-—-160°/1-4 mm., nl? 1-6227 (Found: C, 75-5; H, 7-7; N, 61. CygHg,O,N 
requires C, 75:3; H, 7-8; N, 52%). 

The ester (2-3 g.) was boiled with concentrated hydrochloric acid (30 ¢.c.), acetic acid 
(60 c.c.), and water (20 c.c.) for 15 hr. Evaporation and crystallisation from light petroleum 
(b. p. 60—80°) afforded the cyano-acid (0-9 g.), needles, m. p. 101-—102° (Found: C, 73-8; H, 
7-0; N, 5-8. C,,H,,0,N requires C, 74-1; H, 7-0; N, 6-8%). 

Decarboxylation of the Cyano-acid.—When heated to 200°, the cyano-acid yielded, probably, 
cis-3-phenethylhex-2-enonitrile, b, p. 1256—-127°/0-8 mm., n\? 15223 (Found: C, 84-0; H, 865; 
N, 6-6. Calc. for C,\,H,,N: C, 844; H, 86; N, 70%). Although the analysis was satis- 
factory, this sample could not have been pure as the infrared spectrum showed the presence of 
hydroxylic and lactonic impurities; the material became yellow on storage. 

Cason, J. Amer. Chem. Soc., 1946, 68, 20 


™ Rupe and Hirschmann, Helv. Chim. pre “i031, 14, 687. 
1* Cf. Cragoe, Robb, and Sprague, J. Org. Chem., 1960, 15, 381, 
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Action of Alkaline Hydrogen Peroxide on Ethyl 2-Cyano-3-phenethylhex-2-enoate.—-To the 
cyano-ester (3 g.) in acetone (30 c.c.) were added 10% hydrogen peroxide (15 c.c.) and 10% 
sodium carbonate solution (2-5 c.c.), and the solution was set aside for a week. Isolation with 
chloroform gave 2-9 g. of, probably, 2-carbamoyl-5-hydroxy-3-phenethylhexanoic lactone (XVb), 
needles, m. p. 60-—-62°, from light petroleum (b. p. 60-—80°) (Found: C, 670; H, 7-5; N, 48. 
C,,H,,0,N,05H,0 requires C, 667; H, 7:5; N, 52%). This compound could not be 
hydrogenolysed in the presence of a palladium catalyst, 

cis-3-Phenethylhex-2-enoamide.—Ethy| 2-cyano-3-phenethylhex-2-enoate (6-2 g.) was refluxed 
with hydrobromic acid (48%; 75 c.c.) and acetic acid (30 c.c.) for 20 hr., and the solution 
evaporated in vacuo. The acidic fraction (1-8 g.), isolated with aqueous sodium carbonate, did 
not crystallise, Successive treatment with thionyl chloride and ethereal ammonia gave the 
arside, rods, m. p. 140° (from benzene) (Found: C, 77-3; H, 85; N, 64. C,gH,ON requires 
C,77-4; H, 8; N, 65%). 

Methyl cis-3-Phenethylhex-2-enoate.—Treatment of the preceding crude acid with ethereal 
diazomethane afforded the methyl ester, b. p. 113—1156°/0-6 mm., n%” 1-5244 (Found: C, 77-1; 
H, 87. CysllygO, requires C, 77-6; H, 86%). 

Lthyl 2-Cyano-3-phenethylhexanoate. Hydrogenation of ethyl 2-cyano-3-phenethylhex-2- 
enoate in ethanol with b petodined strontium carbonate catalyst yielded etwyl 2-cyano-3-phenethyl- 
hexanoate, b. p. 156-—-159°/1-3 mm., nl? 1-4967 (Found: C, 75-2; H, 8-6; N, 47. C,,H,,0,N 
requires C, 74-7; H, 85; N, 51%) 

The cyano-ester (4-1 g.) was added to ethylene glycol (25 c.c.) and 50% potassium hydroxide 
solution (5 c.c.); the mixture was distilled until the b. p. reached 200° and then refluxed for 
isShr. The acidic fraction (3-0 g.), b. p. 133-—135°/0-2 mm., was converted into 3-phenethyl- 
hexanoamide, identical with that obtained previously. 


We thank Miss E. M. Tanner, Parke Davis and Co., Hounslow, Middlesex, for determining 
the infrared spectra and for suggestions on their interpretation, and the University of London 
Kesearch Fund for a grant. 
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583. Preparation, Stability, and Complex Formation of 
Aryloxyboron Compounds. 
By T. CoLtctoven, W. Gerrarp, and M. F, Lapperr. 


A number of triaryl borates have been prepared by interaction of boron 
trichloride and the phenol or naphthol, and steric and polar factors con- 
cerning their amine addition compounds are discussed. Ammonia forms 
3: 1 and 2: 1 complexes respectively with tris-2: 4; 6-trichlorophenyl and 
triphenyl borate, Whereas p-nitrophenyl, o-tolyl, and o-chlorophenyl 
dichloroboronite are unstable, o-nitrophenyl dichloroboronite is by com- 
parison remarkably stable, a property ascribed to internal co-ordination ; 
but all form stable pyridine complexes. There is evidence of isolation of the 
mixed borate, ethyl di-o-nitrophenyl borate, which with pyridine gives 
triethyl borate, and the pyridine complex of the triaryl borate. 


TRIARYL BORATES have previously been obtained by heating a mixture of a phenol and 
boron trichloride (in a sealed tube),' boric acid,** boric oxide,‘ or boron acetate.>* A 
number of triaryl borates (Table 1) have now been prepared by the addition of a solution 
of the phenol (3 mols.) in methylene dichloride to boron trichloride (1 mol.) at —70°. 
Advantages of this procedure are that nearly quantitative yields are obtained, the only 
other product is gaseous hydrogen chloride, which together with the low-boiling solvent 
can readily be removed, the reaction is quick and easily controlled at low temperatures, 
and functional groups may be present. 


+ Michaelis and Hillringhaus, Annalen, 1901, 815, 41 

* Colclough, Gerrard, and Lappert, /., 1955, 907, 

* USP. 2,260,336-—0/1941; 2,300,006/1942 

* Thomas, /., 1946, 823 

* Ahmad, Haider, and Khundkar, Appl. Chem., 1954, 4, 543 
* Pictet and Geleznoft, Ber., 1908, 36, 2210 
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Steric effects in triphenyl borate-alkylamine systems reported by Colclough, Gerrard, 
and Lappert * have been further studied. A number of new |: 1 triary!l borate-amine 
complexes (Table 2) were found to be stable at 20°/0-4 mm. The presence of a single 
nitro-, chloro-, or iodo-substituent in the ortho-position does not prevent co-ordination 
with pyridine. Molecular models show that two isomeric forms of single ortho-substituted 
phenyl borates should be possible, having a symmetrical or unsymmetrical configuration, 
of which the latter form, for energetic reasons, is likely to be obtained in the preparation 
and should itself be capable of forming two isomeric addition compounds depending on 
which side of the molecule the base is attached. Brown and Sujishi’ account for the 
formation of two isomeric addition compounds of tri-«-naphthylboron and amines by 
postulating the rotation of one a-naphthyl group in the less stable unsymmetrical form to 
give a more stable form. 

The addition products (Table 3) all contain less a:nine than required for a 1 : 1 complex. 
In these examples some amine could be removed at 20°/0-4 mm. from an equimolecular 
mixture of the borate and amine. This reduced tendency to co-ordination is attributed 
mainly to /-strain ® between the borate and base, but may also be due to B-strain in the 
borate. Molecular models show that by suitable orientation of the methoxy-groups, 
tris-2 : 6-dimethoxypheny! borate should just be capable of forming an addition compound 
with pyridine (cf. Table 3). Tris-2:6-dimethyl- and tris-2 ; 4: 6-trichloro-phenyl borate 
would not co-ordinate with pyridine; this is in accordance with the shielding effect of six 
rigid o-methyl or o-chloro-substituents round the boron atom. The electrophilic character 
of the boron should be decreased by the +-/ inductive effect of the methyl group, but on 
the other hand should be increased by the —J inductive effect of the chlorine substituents. 
Steric effects therefore appear to be predominant here. Hindrance in bis-2 ; 4: 6-tri- 
chlorophenyl chloroboronate is insufficient to prevent the formation of a complex with 
pyridine. Neither diethyl ether nor di-n-butyl sulphide co-ordinated with tri-p-chloro- 
phenyl or tri-2 : 5-dichlorophenyl borate, a fact attributable to the weaker nucleophilic 
character of the oxygen and the sulphur atom compared with nitrogen (in amines), and not 
to steric hindrance. 

Ammonia forms 3: | and 2; 1 complexes with tris-2 : 4: 6-trichlorophenyl and triphenyl 
borate respectively. Conductivity measurements in acetone indicated that the complexes 
are ionic 

(C1,C,H,0),}*-(Cl,C,H,O-B(NH,),)** (PhO}~[(C,H,-O),B(NH,),)' 

Comparably with the phenyl esters? /-nitrophenyl, o-chlorophenyl, and o-tolyl di- 
chloroboronites readily disproportionate at room temperature and at reduced pressure, 
ci but o-nitrophenyl dichloroboronite is remarkably stable, probably because 

\e7 of internal B-O co-ordination (cf. 1). It did not undergo disproportionation 
y ite or decomposition into o-chloronitrobenzene, even on being heated with ferric 
chloride. The dichloroboronites of p-nitrophenol, o-chlorophenol, o-cresol, 
and phenol were stabilised by co-ordination with pyridine. Bettman, Branch, 
and Yabroff* believe that the abnormal weakness of o-nitrophenylboronic 
acid, o-NO,°C,Hy B(OH), is due to co-ordination of the o-nitro-group with the 
boron atom. Intermolecular co-ordination appears to be less effective, since 
p-nitrophenyl dichloroboronite is unstable and /-nitrophenylboronic acid is the strongest 
known arylboronic acid.® 

We confirm an earlier observation !” of the formation of nitrobenzene~boron trichloride. 

Mixed borates of the type (RO),B*OR’ (R’ = alkyl! or aryl *) have not previously 
been isolated owing to disproportionation : 3(RO),B-OR’ — 2(KO),1 + (R’O),B. Ethyl 
di-o-nitrophenyl borate has been obtained from ethyl alcohol (1 mol.) and di-o-nitro- 
pheny! chloroboronate : 

(NOyC,HyO), BC] + EtOH —m (NOyC,H yO), B-ORt + HCI 


7 Brown and Sujishi, J. Amer. Chem. Soc., 1948, 70, 2793 
* Brown, Schlesinger, and Cardon, ibid., 1942, 64, 325 

* Bettman, Branch, and Yabroff, ibid., 1934, 66, 1865 

1 Kinney and Mahoney, /. Org. Chem., 1943, 8, 526 

1! Thomas, /., 1946, 823. 
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Hydrogen chloride (100%) was evolved, and triethyl borate could not be removed under 
reduced pressure, nor could it be extracted with pentane, as should be possible if dis- 
proportionation, 3(NOg’CgHyO),B-OEt — (EtO),B + 2(NOyC,H,O),B, had occurred. 
From a freshly prepared mixture of triethyl borate (1 mol.) and tri-o-nitropheny! borate 
(2 mols.) all the triethyl borate was immediately removed at low pressure, but after the 
mixture had been set aside for 15 hr, only 5% of the added triethyl borate could be so 
removed, indicating the occurrence of the reaction (EtO),B + 2(NOgCgH,O),5 —» 
3(NOgCgH,O),B-OEt, The mixed borate, however, disproportionates on the addition of 
pyridine, affording ethyl borate and the pyridine complex of the triaryl borate. 


EXPERIMENTAL 
General Procedures.-—These were described in the previous paper.* 0-lodophenol was obtained 
by Whitmore and Hanson's method," 
Preparation of Triaryl Bovates from Boron Trichloride.--The borates in Table 1 were obtained 


Tasie 1. Triaryl borates. 
Found (%) Required (%) 
—— _ - a 


og ss « 
B ArO Cc H ArO C 
2-85 98-0 - y 97-2 
2-26 97-5 2: 97-8 . 
1-71 36-4 1-3 . 36-0 
2-70 963 — 2: 97-1 
n-Octyliphenyl*  .. 1-63 97-5 Th 98-3 
o-NOyC,H, *F 2-62 50-4 31 vl 50-9 
2: 6-(MeQO),C,H,® ... 2-36 59-7 6-0 “4 61-3 
! ons 2-48 81-5 50 . 41-9 
2-44 81-3 5-0 2: 81-9 
1-66 - 32-3 20 1-83 
* New compounds, ¢ Found; N, 10-1, Required, N. 9-9% 


in yields of 06-—-100% by the addition of the phenol (3 mols.) in methylene dichloride to boron 
trichloride (1 mol.) at —60° to —80°, Hydrogen chloride (collected in moist alkali) was evolved 
in yields of 96--100% as the mixture warmed to 15°. The borates were purified by 
recrystallisation from methylene dichloride or benzene. 

Interaction of Amines with Naphthyl and Substituted Phenyl Borates.—The new 1 : 1 borate 
amine complexes in Table 2 were obtained by the addition of pyridine (1 mol.) to a solution of 


TABLE 2. 
Found %) Reqd. for 1: | complex (% 
- ’ c 
Ar Amine I A ArO Amine ArO Amine 
pC Heol . Pyridine : 785 16-7 2: 81-1 
2; 6-C,H,CI, 7 82-2 13-6 . 84-4 
p Octylphenyl asi 53 87-5 11-2 Biy 87-5 
33 14-0 ‘ 
69 73-3 24-8 . 72-7 
Pyridine 15 -- 14-6 
2:4: 6-Collidine 88 
Pyridine 93 
a-Picoline 91 16-2 
2:4: 6-Collidine 89 22-7 
Pyridine : 1-40 biel 
a-Picoline 1-46 12-7 


* Semiliquid. 


21-2 


2-3 
I. 
1 
Pm 2- 
«a-Vicoline 2- 
2: 
1. 
l- 14:3 
1 
I. 


the borate (1 mol.) in methylene dichloride. Solvent was removed at 20°/30—15 mm. No 
dissociation of the complexes occurred at 20°/0-4 mm. or on being mixed with #-pentane. 

Non-Stoicheiometric Triaryl Borate-Amine Addition Products.-The amines (1 mol.) were 
added to the borate (! mol.) in methylene dichloride. Solvent was removed at 20°/30-——15 mm 
As much amine as possible was removed at 20°/0-4 mm. or by extraction with n-pentane, and 
was recovered. The borate retained base to the extent shown in Table 3. 


Org. Synth., Coll, Vol. 1, Wiley and Sons, Inc., New York, 1947, pp. 161, 326. 
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TABLE 3. 
Cale. for 
Found (%) 1: | complex (%) 
Amine 


a 


= - 
Ar Amine .p. B Amine B 
2 : 6-(MeO),C,H, Pyridine 2-5 5-6 2-27 
2: 6-C,H,Cl, Diethylamine 1-78 10-1 1-90 
Ph 2:4; 6-Collidine 16-0 
2: Triethylamine.. Sl 
p-C,H,Cl ” 13-1 
* Semi-liquid. 


No addition compounds between pyridine and tris-2: 4: 6-trichlorophenyl borate or tris- 
2: 6-dimethylphenyl borate were isolated. The amine (1 mol.) was completely removed from 
either borate (1 mol.) at 20°/0-4 mm. or by washing with n-pentane. 

Bis-2: 4: 6-trichlorophenyl Chloroboronate,—2 : 4: 6-Trichlorophenol (15:18 g., 2 mols.) 
in methylene dichloride (30 ml.) was added to boron trichloride (45 g., 1 mol.) at -- 70°, 
Volatile matter was removed at 20°/0-4 mm., and white crystalline bis-2; 4: 6-trichlorophenyl 
chloroboronate (16-9 g., 100%), m. p. 115° [Found: easily hydrolysed (e.h.) Cl, 7-9; B, 2-49. 
CygH,O,C1,B requires e.h. Cl, 8-1; B, 2.48%], remained. Pyridine (2-76 g., | mol.) in m-pentane 
(30 ml.) was added slowly to a shaken suspension of the chloroboronate (15-23 g., 1 mol.) in 
methylene dichloride (30 ml.) at —60°. Solvent was removed at 22°/30 mm., but no pyridine 
was removed during 2 hr. at 22°/0-4 mm., or on washing with n-pentane. The complex (17-9 g., 
96%) had m, p. 89-—91° (decomp.) (Found : e.h. Cl, 6-7; B, 1-9; C,H,N, 14-6. C,,H,O,NCI,B 
requires e.h. Cl, 6-8; B, 2-09; CsH,N, 15-3%). 

Interaction of Ammonia and Tris-2: 4: $-trichlorophenyl Bovate.-Dry ammonia was passed 
into a solution of the borate (12-73 g.) in methylene dichloride (100 ml.) for 3 hr. A white 
precipitate formed, The solvent was removed at 26°/15 mm. (2 hr.), and at 20°/0-4 mm, (2 hr.), 
The residue (13-15 g.), m. p. 138°, contained ammonia and borate in the mol. ratio 1-45: 1. 
More ammonia was added to a suspension of this solid (9-4 g.) in ether (100 ml.) and methylene 
dichloride (50 ml.), When further precipitation had ceased (1 hr.), filtration, and drying at 
20°/15 mm. (2hr.) and at 20°/0-4 mm. afforded (ris-2 ; 4: 6-trichlorophenyl borate—triammonia 
compound (8-72 g.), m. p. 150° (Found: B, 1-75; NH,, 7-74. (Cl,C,H,°O),B,3NH, requires B, 
1-68; NH,, 7:85%], stable (7 days) in moist atmosphere, 

Interaction of Ammonia and Triphenyl Borate.—Dry ammonia was passed into a solution 
of the borate (25-6 g.) in ether (100 ml.), The white precipitate and solvent were cooled to 
-~ 60° and more ammonia was allowed to condense until saturation was reached, After 15 hr, 
at 20°, solvent and the excess of ammonia were removed at 21°/1-5 mm. (2 hr.), where- 
upon the diammonia compound (27-6 g.), m. p. 125° [Found: BL, 3-21; PhO, 85-6; NH,, 10-7 
(C,H,O),B,2NH, requires B, 3-35; PhO, 86-0; NH,, 105%), unstable (7 days) in moist 
atmosphere, was obtained. 

Conductivity of Ammonia Complexes,—The triammonia-tris-2 : 4: 6-trichlorophenyl borate 
compound was insoluble in nitrobenzene and in nitromethane, but slightly soluble in acetone, 
conductivity, « = 9-10 x 10¢ mho for 60-0007 molar concentration, whereas for pure acetone 
«x «= 245 x 10° mho at 20°. 

The diammonia-triphenyl borate compound was insoluble in nitromethane and in nitro- 
benzene, but soluble in acetone, its conductivity « being 961 x 10% mho for 00035 
molar concentration. 

o-Nitrophenyl Dichloroboronite.—-Tri-o-nitropheny! borate (824 g., 1 mol.) in methylene 
dichloride (30 ml.) was added to boron trichloride (4-56 g., 2 mols.) at —70°. After | hr, at 

-70°, the solution was allowed to warm to 20°. Solvent, but no boron trichloride, was removed 
at 20°/15 mm, (2 hr.), leaving red crystalline o-nitrophenyl dichloroboronite (13-5 g., 98%), 
m. p. 63° (Found: Cl, 31-6; B, 484. C,H,O,NCI,B requires Cl, 32-3; B, 492%), Whilst 
the compound (4-95 g.) was heated for 6 hr. at 100° a trace (0-04 g.) of boron trichloride was 
evolved. During 4-5 hr. at 95°/45 mm., boron trichloride (Found: Cl, 0-07 g.) and a small 
amount of o-nitrophenol (indicated by the red colour in the sodium hydroxide used for 
absorption) were evolved, and the residue (4-8 g.) (Found : Cl, 284%) had darkened. 

No boron trichloride was evolved when the dichloroboronite (6-76 g.) was heated in the 
presence of ferric chloride (0-047 g., 0-7% w/w) at 100° (7 hr.). During 5 hr. at 100°/20 mm., 
some boron trichloride (Found; Cl, 0-13 g.) and nitrophenol were collected in the alkali trap. 
The residue (6-3 g.) (Found: B, 4-90; Cl, 23-6%) had darkened. The dichloroboronite was 
not distillable at pressures down to 0-01 mm. 
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Pyridine (2-66 g., 1 mol.) in methylene dichloride (15 ml.) was added slowly to the dichloro- 
boronite (11-1 g., 1 mol.) in methylene dichloride (30 ml.) at —70°. The residue (13-41 g., 98%) 
after evaporation of solvent at 20°/15 mm. was washed with n-pentane (50 ml.). Residual 
solvent (but no pyridine) was removed at 20°/0-4 mm., whereupon the pyridine—o-nitrophenyl 
dichloroboronite compound (9-61 g., 70%), m, p. 172° (Found: Cl, 23-1; B, 3-68; C,H,N, 26-7. 
C,,H,O,N,C1,B requires Cl, 23-7; B, 3-63; C,H,N, 265%), remained. Pyridine (1 mol.) was 
recovered from a mixture of the complex (1 mol.) and base (1 mol.). 

Very little hydrolysis took place when the complex (0-871 g.) was shaken with water (100 m1.) 
for 1 hr. at 20°, On filtering, the washings contained boric acid (0-006 g.) and chloride ion 
(0-014 g.), and the insoluble residue weighed 0-7 g. after being washed with ether to remove 
any nitrophenol (Found: Cl, 218; C,H,N, 264%). After 4 days complete hydrolysis to 
o-nitrophenol, boric acid, hydrochloric acid, and pyridine had occurred 

Disproportionation of p-Nitrophenyl Dichloroboronite.-A suspension of p-nitrophenol 
(2-76 g., | mol.) in methylene dichloride (30 ml,) was added slowly with shaking to boron tri- 
chloride (2-33 g., 1 mol.) at —70°. After 2 hr. the solution was allowed to warm to 20°. 
Hydrogen chloride (0-7 g., 100% according to ArOH + BCl, —» ArO-BCl, 4+ HCl) and boron 
trichloride [0-74 g., 94% according to 2ArO*BCl, —® BCI, + (ArO),BCl) were evolved at 
20°/12 mm. (3 hr.). No boron trichloride was evolved during a further 6 hr. and the product 
at 20°/12 mm. di-p-nitrophenyl chloroboronate (3-1 g., 96%), m. p. 187——-190° (Found; Cl, 11-0; 
B, 3-46. C,,HsO,gN,CIB requires Cl, 11-0; B, 3-36%), remained, 

Disproportionation of o-Chlorvophenyl Dichloroboronite,—-o-Chlorophenol (3-82 g., 1 mol.) was 
added to boren trichloride (3-5 g., 1 mol.) at —70°. After 1 hr, at —70°, the dichloroboronite 
was warmed <o 20°, Hydrogen chloride and boron trichloride were readily evolved at 20°/15 
mm. After 95 hr, the temperature was raised to 130° to compensate for the reduction in rate 
of evolution of trichloride. The residue (3-73 g., 95%, after 16-5 hr.) was mainly tri-o-chloro 
phenyl! borate (Found; eh. Cl, bl; B, 3-3; CgH,ClhO, 95-9. Calc, for C,;,H,,O0,C1,B ; B, 2-74; 
CH ClO, 97:3%) 

Disproportionation of o-Tolyl Dichlovoboronite.—Similarly o-cresol (2-65 g., 1 mol.) and boron 
trichloride (1 mol.) in methylene dichloride (35 ml.) gave impure tri-o-tolyl borate (2-46 g., 
after being at 24°/30 mm., for 6 hr., and at 140°/70 mm, for 6 hr.) (Found: eh. Cl, 3-0; B, 
37%) 

Aryl Dichloroboronite-Pyridine Complexes.—-The complex when aryl = p-nitrophenyl had 
m, p. 104—-196° (Found; Cl, 22-4; B, 3-60; C,H,N, 26-6. C,,H,O,N,CI,B requires Cl, 23-7; 
B, 3-61; CyHyN, 264%), when aryl « o-chlorophenyl had m. p. 67-—70° (Found: e.h. Cl, 23-9; 
8, 361; CyH,N, 286. C,,H,ONCI,B requires eh, Cl, 246; B, 3-75; C,H,N, 27-4%), and 
when aryl o-lolyl had m, p, 50—55° (Found : Cl, 26-2; B, 3-8; C,H,N, 28-7. C,,H,ONCI,B 
requires Cl, 26-5; B, 4:04; C,H,N, 20-65%), and was obtained by the addition of pyridine 
(3 mol.) to a solution of the dichloroboronite (3 mol.) (/.¢., borate, | mol., 4+ boron trichloride, 
2 mol.) in methylene dichloride at 70° 

Interaction of Di-o-nitrophenyl Chloroboronate (1 Mol.) with Ethanol (1 Mol.).—Ethanol 
(5-04 g., 3 mol.) in n-pentane was added dropwise to the chloroboronate (45-5 g., 3 mol.) (obtained 
from the borate, 2 mol., 4+ boron trichloride, 1 mol,, at —70°) in methylene dichloride at —70°. 
Hydrogen chloride (5-0 g., 100%) was evolved at 25°/20 mm., but no triethyl borate was removed 
first at 22°/0-1 mm, (1 hr.) then at 20°/760 mm, (15 hr.) and at 25°/0-1 mm. (1-5 hr.). The red 
liquid residue (48-7 g., 982%) was presumably ethyl di-o-nitrophenyl borate (Found: B, 3-22. 
C,,H,,0,N,B requires B, 3-26%). No triethyl borate could be extracted by n-pentars. 

Addition of pyridine (2-75 g., 3 mol.) to this compound (12-01 g., 3 mol.) at —70° caused 
disproportionaticn, Triethyl borate (1-62 g., 1-0 mol.) and pyridine (0-92 g., 0-99 mol.) were 
removed at 25°/0-2 mm. (1 hr.), and the pyridine-tri-o-nitropheny! borate compound (13-4 g., 
04%), m. p. 138° (Found; C,H,N, 13-2%), remained, Yields are based on 3(ArO),BeOEt 
3C,H,N —® B(OEt), + C,H,N + 2(ArO),B,C,H,N. 

Interaction of Triethyl Borate with Tri-o-nitrophenyl Borate.-lmmediately after triethy] 
borate (1:25 g., 1 mol.) had been added to tri-o-nitropheny! borate (7-23 g., 2 mol.) triethyl 
borate (1:22 g., 97%) was removed at 25°/0:1 mm. (3 hr.). Tri-o-nitrophenyl borate (7-16 g., 
99°), m. p. 86-89", remained, 

When the primary mixture was stored at 20° for 15 hr., only 5%, of the added ethyl borate 
was removed at 20°/0-1 mm. (5 hr.), 
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A Thermochemical Evaluation of Bond Strengths in Some Carbon 
Compounds. Part IV.* Bond-strength Differences based on the 
Reaction: RI + Hl —» RH + I,, where R = p-Methoryphenyl and 
cycloHexryl. 

By D. Brennan and A. R. UsBeLonpe. 


By using developments of methods described previously, bond-strength 
differences D(R~H) — D(K-I) have been determined for the compounds 
where K = p-methoxyphenyl and cyclohexyl. The differences are practically 
identical for these two radicals. They are compared with values for com. 
pounds where R = phenyl, benzyl, and methyl, in order to establish how far 
the electronic character of K affects the carbon-iodine bond, 


One of the means of testing theories of valency is to compare the influence of neighbouring 
groups on bond-disruption energies, For example, by comparing disruption energies for 
the bond C-I in R'R*R°C-I where various groups, K', R*, R®, are linked to the carbon 
atom, it is possible to draw significant conclusions about the electronic character of this 
bond. These conclusions are especially interesting when at least one of the groups R is 
aromatic. Though there is much semiquantitative information about the correlation 
between aromatic character and the properties of neighbouring bonds, most of it is based 
on considerations of reactivity. Studies of bond-disruption energies which refer to the 
ground states of the molecules can help to place theories of aromatic character on a firm 
quantitative basis. 

To meet this need, it has proved possible to develop methods of calorimetry based on 
the reactions of Grignard compounds, by careful control of the stoicheiometry through 
accurately maintained reaction conditions. Frequently, however, the corresponding 
disruption energies for the molecule R'R*R®C-H are not known with comparable accuracy. 
At present, therefore, it seems best to discuss the conclusions for valency theories in terms of 


the difference of disruption energies for the processes R'R*R®°C-\-H and R'R*R'C-|-1, As 
detailed below, the new results described in the present paper now permit comparisons of 
disruption energies over the series: Mel, CH,PhI, C,H,,1 (CgH,, = cyclohexyl, here and 
below), PhI, and p-MeO-C,H,I, relative to the corresponding hydrogen compounds as 
standards. The conclusions are discussed in terms of the influence of electronic interaction 
of neighbours on primary valencies. Summarised bond-disruption energies are given in 
Table 1, which shows how they depend on the character of the neighbouring atoms. 


TABLE 1. Derived bond-disruption energies. 
Te nsithdgsnntiedy tannin } CH,Ph Ph p -MeO-C,H, Cy, 
D(R-1) (keal./mole) 43-, + 1-8 60°, + 18 59, (4- 2) 52 (+ 3) 
Footnote b bh é d 
a, Part IT, J., 1952, 415. 6, Part Ill, /., 1955, 115. c, Present paper; based on the assumption 
that D(p-MeO-C,H,-H) = D(Ph-H). d, Present paper; based on the assumption that D(C,H,,-H) 
D(Pr-H) 04 + 2 keal./mole 


In the present work, reactions of Grignard reagents with iodine and with hydrogen 
iodide, under conditions of carefully centrolled stoicheiometry, have been employed to 
determine the following heats of reaction (in the gas phase at standard pressure and 25") : 


p-MeO-C, H,I + HI —» p-MeO-C,H, + I,; AH 6-0 4+ 12 keal./mole 
C,H,,! + HI —» C,H, + 1,; AH 6-8 4 1-0 keal./mole 
These thermochemical quantities are combined with D(1,) = 36-06 + 0-01 and D(H-I) = 
71-37 + 0-02 keal./mole to obtain bond strengths as in the above Table. The resulting 


values agree with the known chemical character of the iodides and present a quantitative 
basis for further investigations. 


* Part IU, /., 1965, 115 
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Attempts to apply the present thermochemical method to the determination of C—I bond 
strengths in the higher alkyl iodides have been unsuccessful, because undesirable side 
reactions could not be eliminated. Interesting phenomena observed during the examin- 
ation of the reaction of several Grignard reagents with iodine and with hydrogen iodide are 
the subject of further study. 


EXPERIMENTAL 


Prepavation of Reagents.-An ethereal solution of the requisite bromide was added under 
reflux to turnings of triply distilled magnesium in an atmosphere of dry, oxygen-free nitrogen. 
Ihe resulting solution of the Grignard reagent was diluted with anisole, and the excess of 
diethyl ether was removed under reduced pressure. In general, the organomagnesium bromides 
were most satisfactory for this work; the iodides tended to take part in undesirable side 
reactions, while with the chlorides there was precipitation of relatively insoluble magnesium 
chloride iodide which gave rise to thermochemical difficulties, Anhydrous hydrogen iodide was 
prepared by reaction of iodine with decalin; the gas was then bubbled into heptane, in nitrogen 
as carrier, until a solution of the desired strength had been obtained. A more detailed 
description of these preparations is given in Part II;' for the present work the solution of 
hydrogen iodide was stored at 0°. When required, this solution was passed through a spiral, 
immersed in a thermostat kept at the temperature of the calorimeter block (256°). Before use, 
p-methoxyphenyl bromide, b, p. 70-5-——71-0°/~1 mm., and cyclohexyl bromide, b. p. 35-3 
36-0" /~3 mm., were dried (Na,SO,) and distilled at reduced pressure. p-Methoxypheny' iodide 
was prepared from p-anisidine by thermal decomposition of the diazonium iodide; the product, 
purified by several recrystallizations from aqueous ethanol and then by distillation at reduced 
pressure, melted at 49-6-—50-2° under standard conditions (lit.,>* 51°, 50—52°, 51—52°). 
cycloliexy| iodide, prepared by the addition of hydrogen iodine to cyclohexene * and purified by 
distillation at reduced pressure, had nf? 1-549 (lit.,»* 1-551, 1-547). Heptane and anisole, used 
as solvents, were purified as in Part 111.’ 

Mean Heat of Vaporization of p-Methoxyphenyl Iodide and of cycloHexyl Iodide,—Vapour 
pressures were determined by the isoteniscopic method of Smith and Menzies.*. The experi- 
mental results are recorded in Tables 2 and 3. With p-methoxypheny] iodide, an insignificant 


TABLE 2, Vapour pressures of p-methoxyphenyl iodide, 


Temp, (+ 0°2°) 128-2° 158-1° 178-3° 189-9° 198-6° 206-6" 
Pressure (+. 0-3 mm.) 63-8 123-1 175-2 224-9 281-1 


TABLE 3. Vapour pressures of cyclohexyl iodide. 


Temp. (4. 0-2") 101-1° 116-6° 135-0° 
Pressure (-+ 0-3 mm.) , 53-0 90-3 165-9 


amount of decomposition occurred at the higher temperatures ; with cyclohexyl] iodide, however, 
the extent of the decomposition, while still small, was perhaps not insignificant. Thus, at the 
completion of the run, 20-0 ml, of the halide contained 0-0038 millimole of iodine; while the 
vapour pressure exerted by the iodine is negligible, that exerted by the hydrocarbon residue 
(assumed to be volatile) is not. The plots of log pressure against the reciprocal of the absolute 
temperature are straight lines for both halides, there being a slight tendency to curvature at 
the higher temperatures for the aromatic compound. The mean latent heats of vaporization, 
calculated from the slopes of the graphs at the lower temperatures, are p-methoxyphenyl iodide 
12-7 + 0-1, eyelohexyl iodide 10-3 4 0-2 kcal./mole. The uncertainty in the latter value has 
been derived by combining the experimental error with the error due to the decomposition on 
the worst possible view, namely, that the hydrocarbon residue was present entirely in the gas 
phase 


' Nichol and Ubbelohde, /., 1952, 415 

* Matheson and McCombie, /., 1931, 1103 

* Kondo, Ikeda, and Taga, Ann, Rep, 1.7.S.U.U. Lab., 1962, 3, 65 
* Reverdin, Ber, 1896, 29, 1000. 

* Stone and Shechter, Org. Synth., 1951, 31, 66 

* Vogel, /., 1948, 1809 

’ Graham, Nichol, and Ubbelohde, /., 1965, 115 

* Smith and Menzies, /. Amer. Chem. Soe., 1910, $8, 1412. 


(1956) Bond Strengths in Some Carbon Compounds. Part IV. 3013 


Constant-pressuve Calorimeter.—The instrument used to measure the heats of the Grignard 
reactions was basically the same as that described in Part II1,’ and the techniques of calorimetry 
were largely those described in Part II. 


CALORIMETRIC RESULTS 
The experimental results for p-methoxyphenyl iodide and cyclohexyl iodide are reported 
separately; the derivation of the thermochemical equations common to both sets of data is 


conveniently given first. 
These are as follows : 


RMgBr + I, __ RI + MgBrl. wees eee 
in in in anisole-heptane 

anisole heptane 

RMgBr + HI —_ RH + MgBrl 


in in anisole- heptane 


in 
anisole heptane 
Subtracting reaction (B) from (A), which is permissible without further corrections if the con- 
centrations are the same in both equations, and rearrangement give : 


I, + RH —_ { 
in in anisole in anisole - heptane 
heptane heptane 


From equation (1), the following cycle can be established 


RI { HI > RH { 


in anisole in heptane in anisole 
heptane heptane heptane 


f AM, t AM, | AM, | AM, 


RI + Bilge Rag Nags AM 


gas 
Applying Hess's law to the cycle, we have : 

AH, = AH, — AH, + AH, + AH, + 4H, + 4H, . . . . (% 
Since equation (2) refers to the gas phase, we can, neglecting corrections for imperfect gases, also 


write : 


AH, = D(R-I) + D(H-1) — D(R°-H) — DiI) . . « « e (# 
Substitution in equation (3) and rearrangement give : 
D(R-H) — D(R-I) = AH, — SH, + D(H-1) — Dil,) — (AH, + AH, + SH, + AH). (5) 


The values of some of the terms in equation (5) are known and may be substituted to effect some 
simplification, viz. : 


D(I,) = 36-06 + 0-01 kcal./mole (ref, 9) 
D(H~I) « 71-37 + 0-02 kcal./mole (ref. 9) 
AH, = —3-4 + 0-2 kcal / mole (ref, 7) 
AH, = 9-0 + 0-2 keal./mole (ref, 7) 
It has been verified calorimetrically’ that the heats of solution of the halide and of the 
hydrocarbon in anisole-heptane mixture are negligibly small. Hence, 


AH, ~AH,(RI) and AH, ~ AH,(RH) 


where the AH, terms denote the latent heats of vaporization of the species indicated. 
Substituting these quantities into equation (5) gives 


D(R-H) — D(R-1) = 29-7 4 0-3 + (AH, — AH,) + AH,(RI) — AH,(RH) . (6) 


* Herzberg, ‘‘ Spectra of Diatomic Molecules,'’ Van Nostrand Co., Inc., New York, 2ad Edn., 1960 
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p-Methoxyphenyl lodide,—-The solution of p-methoxyphenylmagnesium bromide in anisole 
used for the reactions contained 4-4% by volume of diethyl ether which prevented the precipit- 
ation of magnesium halide formed in the reactions. The concentration of the Grignard solution 
was 0-0783m 

(1) The (AH, — SHy) term. (a) The reaztion with iodine. (i) Stoicheiometry. The 
iodine-heptane solution used was 0-0400mM, The mean value of the reaction ratio (moles of 
KMgr reacted): (moles of I, reacted), determined for ten reactions, was 1.000 +4 0-003, 
indicating 100%, of reaction (A). 

(ii) Calorimetry. Ten determinations of the heat of reaction of 0-3743 millimole of iodine 
with 1-567 millimoles of the Grignard reagent were made. The mean of the results can be 
represented (8/1, 4m) 39-57 + 0-20 cal. where the symbol refers to the heat change for a 
reaction of m millimoles of iodine, 

As noted below, the (8, ,,) term and the (4H, ,,) term each contain a large positive term 
due to the heat of mixing of heptane with anisole; these cancel in the final outcome. 

(6) The reaction with hydrogen iodide. (i) Stoicheiometry. The mean reaction ratio, 
(moles of KMgBr reacted) : (moles of HI reacted), for ten determinations was 0-972 4. 0-004. 
This is slightly low. The uncertainty introduced by possible side reactions is considered below 

(ii) Calorimetry, It has not proved possible to prevent a continuous decrease in strength 
of the hydrogen iodide solutions after preparation. Storage at 0°, however, greatly retarded the 
deterioration, so that the concentration of the solution changed by only about 5% in 30 hr., the 
time required for ten determinations of the heat of reaction. Results of the thermochemical 
measurements are presented in Table 4 


TABLE 4. 


No. of Hil reacted (BA, ») Reaction No, of HI reacted (8H), ») Keaction 
detn (nm millimole) (cals. ) ratio detn, (n millimole) (cals.) ratio 
03865 35-00 0-964 6 03726 35-61 0-975 
O3T77 35°24 O-974 7 03726 35-89 O-O74 
03762 35-76 0-969 s 03704 36-12 O-974 
O-3755 35-01 0-973 i) 03682 36-08 0-977 
03748 35-91 0-968 
(4//,, ,) was plotted as a linear function of n so as to determine the value corresponding to 
n ml 03743 millimole; this was found by interpolation to be 35-8 4+ 0-3 cal. It can be 
seen from Table 4 that the heat of reaction is not correlated in any way with fluctuations in the 
reaction ratio. This absence of correlation indicates that the heat term for the side reaction 
responsible for the slightly low reaction ratio is not appreciably different from that of the main 
reaction, rom a consideration of possible competing reactions, it is found that the uncertainty 
in (8//, ,,) must be inc reased by about 0-1 kcal./mole to allow for the unidentified side reactions, 
giving , 
(6H1,, ,) 35-8 + 0-4 cal. when 0-3743 millimole 
The heats of reaction of iodine and of hydrogen iodide solutions with the Grignard 
reagent have thus been evaluated for identical conditions (viz., n m), and AH, AH, 
m*((8H, ,,) — (8H, ,)); heat of mixing and dilution terms which are in themselves quite large 
cancel in the subtraction, This gives : 


AH, — AH, 10-2 + 1-2 keal./mole 
(2) The AH,(181) term. As described above, we can write : 
AH, (p-MeO'C,H,1) 12-7 + 0-1 keal./mole 


(3) Lhe AH,(RH) term, The mean latent heat of vaporization of anisole has been calculated 
from the vapour pressure~temperature data of Dreisbach and Shrader : 


AH, (p-MeOC,H,) 10-4 4 0-1 kcal. /mole 
Substituting these values in equation (6) gives 
Di (p-MeO-C,H,)-H) — Di(p-MeO-C,H,)~1 42-2 +4 1-2 kcal. /mole 


cycloHexyl lodide.—-The solution of cyclohexylmagnesium bromide contained 5-5% by 
volume of diethyl ether; its concentration was 0-0615m™. 


'° Dreisbach and Shrader, Jnd. Eng. Chem., 1949, 41, 2879. 
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(1) The MAH, — SH, term. (a) The reaction with iodine. (i) Stoicheiometry, The 
iodine-heptane solution was 0-0358mM. The mean value of the reaction ratio for eight reactions 
was 1-007 +. 0-006. The uncertainty in the heat of reaction arising from this slightly high 
value for the reaction ratio can be shown to be negligibly small on the assumption that it is due 
to competition from the Wurtz coupling reaction ; 


2RMgBr + I, —e R-K + 2MgBrl 


which has a reaction ratio of 2-0. 


(ii) Calorimetry. Eight determinations of the heat of reaction of 0-3350 millimole of iodine 
with 1-230 millimoles of the Grignard reagent were made 


GH, <=: 33-77 + 0-22 cal, where m = 0-3350 +4 0-0003 millimole 


(b) The reaction with hydrogen iodide. (i) Stoicheiometry. The mean reaction ratio fu 
nine reactions was 0-996 +. 0-003. The uncertainty in the determination of the heat of reaction 
arising from this very slightly low value for the reaction ratio is negligibly small relative to the 
experimental error 


(ii) Calorimetry. The results of nine heat measurements are in Table 5 


TABLE 5. 
No. of HI reacted (8/4, «) Reaction No. of HI reacted (AM, «) Reaction 
detn (w millimole) (cal, ) ratio detn (mn millimole) (cal) ratio 
03394 33-92 0-997 6 03304 33-83 1-000 
0-3406 33-72 0-996 7 0-3358 34°45 0-908 
06-3394 33-72 0-998 8 0:3347 34°37 0-990 
0-3387 33-70 0-992 9 0-3324 34°77 0-997 
0-3304 34-50 0-904 


(8/;, ,) was plotted as a linear function of m and from the graph it is evident that determin- 
ation (5) is in considerable error. The interpolated value of (8M), ,) corresponding to n = m 
0-3350 millimole is 34-42 + 0-20 cal, 

As before, we write : 


AH, — AH, = m((8H, »,) — (8Hy, »)), ” 
Hence 


AH, — AHy = 10-0 + 0-9 kcal. /mole 
(2) The AH,(iR1) term. As described above, we can write : 
AH, (CgH,,1) 10:3 + 0-2 keal, /mole 


(3) The AH,(RH) term. The latent heat of vaporization of cyclohexane has been determined 
calorimetrically by Osborne and Ginnings : ™ 


AH, (cyclohexane) = 7:896 kcal./mole 


Substituting into equation (6) gives 


D(cyclohexane) — D(C,H,,~1) 42-1 + 1-0 keal./mole 


DISCUSSION 


In the present state of knowledge, the most direct results based on experiment refer to 
differences of bond-disruption energies, as given in Table 6. 


TaBLe 6. Differences of bond-disruption energies. 


K Me CH,Ph pMeOC,H, C,H,, Ph 
D(R-H) — D( Rel) (keal./mole) 45,414 34, 4+ 13 2,412 42,412 0, f 1-6 
¢ 


y 2 
Footnote ..... a4 b é 


a, Part II, J., 1952, 415. 6, Part III, /., 1955, 115. ¢, Present paper 


'! Os borne and Ginnings, J. Res. Nat. Bur. Stand, 1947, 39, 453 
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The sequence suggested for some of these difference terms, viz., Me > p-MeO-C,H, > 
C,H,, > Ph, shows at most a 10°, range in the energy of binding. It is noteworthy that 
the difference for cyclohexyl is rather less than for methyl. This additional energy to be 
associated with the C-I bond in cyclohexyl iodide partially offsets the relatively high 
stability of the cyclohexyl radical (cf. the low disruption energy for secondary C-H). A 
value for D(C,H,,-1) results which is not very different from that of D(Me-I). This 
stability of the C-i bond in cyclohexyl iodide can probably be associated with the increased 

HT oo 
polarity of the bond (cf. CH,I = 16; C,H,,1 = 20), the ionic contribution from 
R'I~ being more important in cyclohexyl iodide ; precise knowledge of the C-I bond 
lengths might throw additional light on this suggestion. However, the behaviour of 
the cyclohexyl group is somewhat unexpected in other ways,'* and possible hybridisation 
peculiarities of the alicyclic system should be kept in mind. 

With regard to the difference for phenyl and p-methoxyphenyl, the present work shows 
that, in the ground states, any difference arising from replacement of H by OMe does not 
exceed about 2 keal./mole, The experimental error is too large to establish fully the trend 
of values actually observed, but the increased donation of electrons to the ring by the 
methoxy-group could account for the values found. Whilst the experimental uncertainties 
are still somewhat disappointingly large, the results now quoted set limits and point the 
way to further quantitative developments of theories of bond strengths for aromatic 
molecules in the ground state. The finding that the C-I bond dissociation energies in 
phenyl iodide and in p-methoxyphenyl iodide are the same within the spread of the errors 
conforms with the conclusion from kinetic studies that substituted phenyl bromides have 
more or less constant C-Br dissociation energies. 

DEPARTMENT OF CHEMICAL ENGINEERING, 


IMpeRIAL COLLEGE OF ScIENCE AND TECHNOLOGY, 
S. Kunsincton, Lonpon, 8,W.7. [Received, February 6th, 19656.) 


'* Slough and Ubbelohde, /., 1956, 108 
 Szware and Williams, Proc, Roy. Soc., 1953, A, 219, 353 


585. ‘The Polarographic Reduction of Xanthone and Methoxy- 
xanthones, 


By W. E,. Waitman and L. A, WILEs. 


Xanthone and its monomethyl ethers are polarographically reducible in 
a one-electron reversible process. 


Tue markedly basic character of polycyclic ketones in which the carbonyl group is situated 
in the pert-position to methoxyl has been the subject of a number of investigations. For 
methoxyanthraquinones in strongly acid solution Wiles ' showed that when both carbony] 
groups have o-methoxy-groups (OMe at 1, 4, 5, or 8) no polarographic reduction wave was 
obtained, but when one (or both) of the carbonyl groups had no methoxyl so placed the 
compound was reducible irreversibly. 

The Reduction of Methoxyxanthones.—The present work was undertaken to determine 
whether all other polycyclic o-methoxy-ketones are reducible in solutions of low pH. The 
resuit for 1-methoxyxanthone (F, = —0-77 v) shows that this is not so. This difference 
between xanthones and anthraquinones led to an investigation of the reduction mechanism 
and the effect of differently situated methoxy-groups on the half-wave potentials of 
xanthones. 


i Wiles, /., 1962, 1358 
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The polarography of xanthone at pH 1-0—12-7 has been examined.* A single reduction 
wave was observed but the mechanism was not closely investigated. Flavone and its 
monosubstituted derivatives give two reduction waves in acid solution, while flavanones 
show only one wave. It has been postulated * that these are one-electron reactions, but 
the question of the reversibility or otherwise of the reactions was not settled. 

The following Table and the Figure give the results for xanthone and its monomethyl 
ethers. 


Compound Half-wave potential Wave height x sensitivity™! * 


Xanthone OD 470 
1-Methoxyxanthone 0-77 450 
2-Methoxyxanthone O-88 450 
3-Methoxyxanthone O97 320 
4-Methoxyxanthone —0-92 420 


* 1 Unit of wave henght = 445 x l0* A. Galvanometer sensitivity = 1/20, 


Polarograms for xanthone and its 
monomethyl ethers. 


Current 


wits i i 
os O7 O99 
af | (volts ogoinst S ce) 


Discussion of Results.-Methoxy] groups ortho and para tu the carbonyl group markedly 
influence the ease of reduction. 3-Methoxyxanthone is the most difficult to reduce, and 
this is understandable from the mesomeric character of the methoxy-group. The resonance 
contribution of (I) diminishes the positive charge on the carbon of the carbonyl group, 
and the addition of an electron at the electron-deficient carbon atom will be more difficult. 
A similar effect has been reported in the polarography of benzophenones in which the half- 
wave potential is made more negative by substitution of methoxy! in the para-positions.* 

For 1-methoxyxanthone the ortho-quinonoid structure (II) is possible and if this con- 
tributes appreciably the compound should also be reducible with difficulty. The reverse 
is, however, the case. The inductive action of the methoxyl group is oppositely directed 
to its mesomeric influence and its greatest effect on the carbonyl group will be from the 
a-positions. It is, however, quite unlikely that the inductive effect will dominate 
the mesomeric effect. We have obtained evidence for structure (1) and the lack of import- 
ance of structure (II) from the observation that there is no decrease in the infrared 


om Oo” *OMe 


i) 
i 
2 
(1) + (Hh) (Ht) 
oO OMe 


stretching frequency of the carbonyl group in I-methoxyxanthone compared with the 
value for xanthone, but in 3-methoxyxanthone there is an appreciable diminution.* It is 


* Day and Biggers, J]. Amer, Chem. Soc., 1953, 76, 738. 
* Geissman and Friess, ibid., 1949, 71, 3893. 

* Brockman and Pearson, ibid., 1952, 74, 4128. 

* Wiles and Thomas, unpublished observations. 
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suggested that the ready reduction of l-methoxyxanthone must be attributed to the 
enhanced basic strength of this compound, Protonation of the carbonyl group in the 


acid medium confers a positive charge on the carbon atom, >C=OH, and hence will 
increase its attraction for electrons in the reduction process. A similar effect is to be 
noticed in those a-methoxyanthraquinones which are reducible. In this earlier work it 
was supposed that the enhanced basic strength of ketones which have a peri-methoxy! 
group was due to hydrogen-bond formation as in (III), However, infrared spectroscopic 
measurements * show the carbony] stretching frequency in salts of methoxyanthraquinones 
to be little changed from that of the parent methoxyanthraquinones, and it is unlikely 
that such bonding exists. Moreover, the earlier assumption that the polarographic 
reduction of l-methoxyanthraquinone is at the carbonyl group in the 10-position must 
now be considered doubtful. 

2- and 4-Methoxyxanthone, in which the methoxyl groups are not conjugated with the 
carbonyl group, have £, values which do not markedly differ from that of xanthone. 

Mechanism of the Reduction,-The constancy of the product, wave-height x sen 
sitivity ', for most of the xanthones is an indication that the reduction process is the same 
for each compound, The low value for 3-methoxyxanthone is due to the masking effect 
of the hydrogen discharge which, in the stock solution used, begins at about —0-95 v. 

The following evidence shows clearly that, in strong acid, the reduction of xanthone 
and its monomethyl ethers is a one-electron, reversible process. 

(i) Heyrovsky and Ilkovic’? found that for reversible oxidation-reduction reactions 
a graph of the applied voltage (£) against log, i/(t4 — 1) (at any point on the polarographic 
wave ¢ is the current produced by the applied voltage, and 1, is the diffusion current) gives, 
at 25°, a straight line of slope 0-059/n, where n is the number of electrons involved in the 
reaction. Gilbert and Rideal * have criticised the use of this relation for the determination 
of n, but as a test of reversibility it stands. 

Polarograms obtained by manual operation of the instrument were recorded for 1- and 
4-methoxyxanthone, and the plots of the above quantities gave, in both cases, straight 
lines of slope 0-060, indicating a one-electron reversible reduction. 

(ii) The value of m can be determined from coulometry. Gilbert and Rideal’s method *® 
uses only 0-3 ml, of 10°m-solution, and the data are obtained in 3 hr. with use of a simple 
apparatus, The rate of decrease of concentration of a substance being reduced at a 
mercury cathode is proportional to the diffusion current measured in arbitrary units of 
wave-height, 4, and it is inversely proportional to n, whence de/dt = k,h/nvF, where ky 
is the diffusion current (A) corresponding to a wave-height of one unit, and where v is the 
volume of the solution (in 1.). It follows that d(log h)/dt <= —k,/2:30nFvk,, where k, = 
concentration required to give a wave-height of one unit = concentration/initial wave 
height. 

The method was applied to a 0-95 x 10%m-solution of 1-methoxyxanthone, in which 
v= 30 104 L; ky = 89 x 10° A/unit. The measured values for A and ¢ are given 
below, The initial and final values of 4 were found from photographic polarograms, The 
other two were read as the current difference between voltages of —0-7 and —O-9¥v. From 
this, m = IL electrons per molecule, 

14:5 13-0 


11614 11139 
5400 7200 


(iii) Ilkovic's equation ty = 607nD'Cmi! was also applied to 1-methoxyxanthone, 
the following data being used: ig = hy = 1-78 x 10° A; D = 327 x 10 6 om.” sec.) ; 
C = 0-051 millimole 1-!; mitt = 1-71. The diffusion coefficient (D) was estimated as 
follows. Sen*® measured the maximum radius of the anthraquinone molecule as 3-74 A, 


* Wiles and Thomas, to be published. 

’ Heyrovsky and Ikovic, Coll, Czech. Chem. Comm., 1935, 7, 198. 
* Gilbert and Rideal, Trans. Faraday Soc., 1961, 47, 306 

* Sen, Indian J]. Phys., 1948, 22, 347. 
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and the molecule of a methoxyxanthone will be roughly of the same size. It is approxi- 
mately a flat disc for which Holmes !” has derived the equation D = RT /1297N, where 
7, = viscosity of the solution = 0-0247 g. cm. sec.?. The value of D for 1-methoxy- 
xanthone agrees reasonably with the value of 40 « 10° cm.* sec. for alizarin.“. From 
the above = 1-0 electron per molecule. 

(iv) In reversible reductions EZ, may vary linearly with pH, although this is not an 
entirely reliable criterion of reversibility. A study of 3-methoxyxanthone in buffered 
solutions of “ apparent ’’ pH 1-24, 4°80, and 8-00 gave FE, values of 0-77, —1-22, and 

1-42 v, and a plot of these values is linear. 

The reversible reduction of the methoxyxanthones is in contrast to the irreversible 
process for methoxyanthraquinones, Geissman and Friess * suggest that the single-wave 
reduction of a flavone produces a free radical, and a similar reaction could occur with 
xanthones, the radical finally undergoing dimerisation : 


> 
+E +H 


OH 


The xantheny! group is known to exercise a stabilising effect on free radicals, 


EXPERIMENTAL 


A Cambridge Instrument Company polarograph giving photographic recordings of the 
current-voltage curves was used, and the technique employed did not differ materially from 
that used by Wiles. The viscosities required for the Ilkovic equation were measured by an 
Ostwald viscometer 

1-Hydroxyxanthone was prepared by Michael's method," and was methylated by using the 
process adopted for hydroxyanthraquinones.! 2-Hydroxyxanthone “™ had m, p. 235° (lit. 
229-—-231°, 231°, 237°, 240°). 3-Hydroxyxanthone “ gave the methyl ether, m, p, 129° (lit., 
125—-126°, 129°). 4-Hydroxyxanthone™ gave the methyl ether, m, p. 176° (lit., 165°, 173°), 


Mr. D. A, Swann rendered valuable assistance with the preparative work, 


RovAL MILITARY COLLEGE OF SCIENCE, 
SHRIVENHAM, NR. SWINDON, WILTS. Received, December 10th, 1955.) 
1® Holmes, ‘‘ A Review of the Literature on Diffusion in Solution and the Estimation of the Particle 

Size from Diffusion Measurements.”’ Manchester: British Cotton Industries Kesearch Association, 


Furman and Stone, /. Amer. Chem. Soc., 1948, 70, 3055. 
Conant and Evans, sbid., 1929, §1, 1925. 

Michael, Amer. Chem, J., 1883, 5, 91 

Kostanecki and Rutishauser, Ber., 1892, 25, 1648 
Ulimann and Zlokasoff, Ber., 1905, 38, 2119 
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586. Hydrogen Overpotential at Electrodeposited Copper in 
Hydrochloric Acid. 


By (the late) S. E. Et Waxxapn, I. A. Ammar, and H. Sapry. 


Hydrogen overpotential, 4, is measured on copper cathodes, deposited 
from a cyanide bath on a platinum substrate, in n-hydrochloric acid, at 30°. 
Two Tafel line slopes are observed in the current density range 3 x 10% to 
l0*a/em.*, Below 10° a/cm.? dissolution of copper interferes with the over- 
potential results. The results are statistically analysed and the mean Tafel 
line is given, ‘This line is characterised by a lower slope of 0-060 vy and a 
higher slope of 0-130 v, The effect of potassium cyanide on the overpotential 
at copper, deposited from copper sulphate, is also studied, The effect of the 
nature of the substrate on the overpotential at copper, deposited from a 
cyanide bath, is studied by measuring Tafel lines on copper deposited on 
nickel and copper substrates. 

Though no definite theory can be given, attempts are, however, made to 
explain the break in the Tafel line by assuming that hydrogen is evolved on a 
non-uniform surface containing two main kinds of sites of adsorption, 


A Limirep amount of work is reported on the overpotential characteristics of copper. 
Early investigators * used experimental techniques which are now known to be unsatis- 
factory. More recent work * on electrodeposited copper indicated that copper electrodes 
vary among themselves with respect to their overpotential-current-density relations. 
Further, each electrode varies in its own behaviour from day to day. No individual 
Tafel line occurs for all electrodes studied. The values of the slope, b, as well as the values 
oi the over-potential, 4, at a fixed current density, vary from one electrode to another in 
the same solution and at the same temperature. 

Recent advances in overpotential studies * indicated the importance of } as a criterion 
for distinguishing between the possible rate-determining mechanisms for cathodic hydrogen 
evolution. Evaluation of 6 is therefore made by statistical methods. For each electrode— 
solution combination a mean value of b is computed, for a constant temperature. 

The aim of the present work is to establish, with the help of statistics, the mean 
parameters of the cathodic hydrogen evolution on copper deposited from a cyanide bath. 


EXPERIMENTAL 


Llectrolytic Cell.-The cell used (Fig. 1) was similar to that used by Bockris and Potter.* It 
was constructed of arsenic-free glass (‘‘ Hysil"’). The anode compartment, A, was separated 
from the cathode compartment, B, by a sintered-glass disc, C, and a tap, The barrels, E, of 
two hypodermic syringes were joined to a ground-glass joint, D, to the top of B. The pistons 
of the two syringes carried two electrodes. One of these electrodes was used for pre-electrolysis, 
and the other as a test electrode. With the use of such an arrangement it was possible to lower 
the test electrode to touch the tip of the Luggin capillary F (of 1 mm. internal diameter). The 
Luggin capillary was connected to the hydrogen-electrode compartment G. Purified hydrogen 
was introduced into the cell through 1, The anode, /, was in the form of a platinum disc, with 
an apparent area of 1 cm.*, Hydrochloric acid was introduced into the cell through the side 
arm /. To hinder the diffusion of air inside the cell, three bubblers, X, filled with conductivity 
water, were used as outlets for hydrogen. An exit, 1, in the bottom of the cathode compart 
ment, was used for washing. The taps, as well as the ground-glass joints, were of the solution- 
sealed type 

Preparation of Solutions..-Hydrochloric acid solutions were prepared from the constant- 
boiling acid and conductivity water (« = 8 x 10° ohm™cm.'). The constant-boiling acid 
was prepared from ‘‘ AnalaK "’ acid and conductivity water by a three-stage distillation process 


' Knobel, Caplan, and Eiseman, Trans. Electrochem. Soc., 1923, 43, 55; Wirtz, Z. phys. Chem., 
1037, 36, B, 435 

* Senett and Hiskey, J. Amer. Chem. Soc., 1952, 74, 3754. 

* Bockris, Chem. Rev., 1948, 43, 525; Bockris and Potter, /. Chem. Phys., 1952, 20, 614 
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in all-glass apparatus. The distillation apparatus was subjected to the same process of cleaning 
as the electrolytic cell (see below). 

Purification of Hydrogen.—Cylinder hydrogen was purified from oxygen by passing it over 
copper at 450°. Traces of carbon monoxide were oxidised to dioxide by a mixture of manganese 
dioxide and copper oxide ("‘ Hopealite’’). Carbon dioxide was then removed by soda-lime. 
The purification system was made of ** Hysil ’’ glass and was joined to the electrolytic cell by a 
movable glass bridge. 

Preparation of the Electrodes.—Copper was electrodeposited from a cyanide bath‘ on a 
platinum substrate (apparent area, 0-32 cm.*) with a current density of 60 ma/em.*, for 20 min. 
at 70°. The plating bath was prepared from ‘‘ AnalaR’'’ materials. After deposition, the 
electrode was washed 8—-10 times with conductivity water and immediately fixed in position in 
the previously cleaned electrolytic cell. 

Electrodeposition was also carried out from an acidified copper sulphate bath (15 g./L) at a 
current density of 70 ma/cm.?, a coarse deposit being obtained. 

Pre-electrolysis.—Conditions for satisfactory pre-electrolysis® were reached when further 
increase in the extent of pre-electrolysis did not cause more than -+-10 mv difference in 7 at a 
given current density. The electrolytic purification of the solution (1-ON-hydrochloric acid) 
was carried out on a subsidiary pre-electrolysis electrode, 
of the same material as the test electrode, at a current Fic. 1. 
density of 40 ma/cm.?*, for 20 hr. 

Procedure and Measurements.—Before each experi- If 
ment, the cell was cleaned with “‘ AnalaR’’ chromic- ro 
sulphuric acid, and washed 8—10 times with equilibrium oD 
water and 10 times with conductivity water. The 
electrodes, previously washed with conductivity water, / 
were introduced into the cell. The cell was then | 
completely filled with conductivity water, and this 
water was replaced by purified hydrogen, The anode 
compartment, A (Fig. 1), was then separated from the 
cther compartments by closing the adjacent taps. 
The hydrochloric acid solution was introduced through 
J to fill the compartment A completely. Purified 
hydrogen was then passed into A for several hours, to 
minimise the amount of oxygen dissolved in the 
solution (when this method was used, no oxygen depolarisation was detected in the results). 
The solution was then divided between A and B, and the pre-electrolysis electrode (with a 
potential difference corresponding to a current density of 40 ma/cm.* imposed on it) was 
lowered into the solution. Pre-electrolysis was continued for 20 hr., with hydrogen passing in 
the two compartments, A and B, and the tap between A and B closed. At the end of the 
pre-electrolysis period, the pre-electrolysis electrode was drawn out of the solution with the 
current still on, Part of the pre-electrolysed solution from the cathode compartment was 
introduced into the hydrogen-electrode compartment, G, and hydrogen was passed into this 
compartment for 20-30 min. The test electrode (with a potential difference corresponding to 
a current density of 40 ma/cm.* imposed on it) was then lowered into the solution and was 
adjusted to touch the tip of the Luggin capillary, F. 

The direct method of measurements and the rapid technique were employed, The Tafel 
line was rapidly traced between 3 x 10° and 10% a/cm.*. Measurements were carried out in 
unstirred 1-0n-hydrochloric acid at 30°, The potential was measured with a valve pH meter- 
millivoltmeter, and the current with a multirange micro-milliammeter. The current density 
was calculated from the <pparent surface area. 


RESULTS 
Two Tafel line slopes, b, at the low current density range and 4, at the high current density 
range, are observed in the linear logarithmic section of the Tafel lines for copper deposited from 
cyanide baths. The values of b,, b, and the corresponding values of the exchange current, 1.¢., 
(i,), and (i,), are given in Table 1 for 15 experiments (different electrodes and solutions) in 
n-acid at 30°. Below 10° a/cm.?*, dissolution of copper interferes with the overpotential results, 
4 Blum and Hogaboom, “ Principles of Electroplating and Electroforming,’’ McGraw-Hill Co., 


New York, 1949, p. 297. 
* Azzam, Bockris, Conway, and Rosenberg, Trans. Faraday Soc., 1950, 46, 918 
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The results for copper, deposited from a cyanide bath, were treated statistically.* The 
mean Tafel line is shown in Fig. 2, It is characterised by the parameters: b, = 0-060 v, by = 
0-130 v, (i,), = 40 x 10% a/cm.*, and (i,), = 3-2 x 10% a/cm.*, The results of the statistical 
analysis are given in Table 2. Fig. 3 gives the upper and the lower confidence limit for the 


experimental Tafel line, 
TABLE 1. 


(ig), (in) (is), (4,) 

Run b, (mv) (10 a/em.*) 6, (mv) 10° a/em.*) Run 6, (mv) (l0™*a/em,*) 6, (mv) (10% ‘1 Jem.*) 
6-3 , 130 

. 120 
130 
120 
120 
125 
130 
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TABLE 2.* 

C.d. Mean » Standard 95%, confidence C.d Meany Standard 95%, confidence 
/cem.*) (mv) error(mv) limits (mv) (a/cm,*) (mv) error (mv) limits (mv) 
x lo 4il1 3 x lo 233 

399 x lo 225 

386 x lot 217 

372 lo 203 

355 x lot 176 

332 x lo 165 

209 x lo 156 

286 x lo 144 

276 3-3 x lo 128 6 

261 7 x lo 120 6 

* The mean, standard error and 95% limits are given to the nearest my. 
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It is observed that, when copper cathodes are deposited from an acidified copper sulphate 
bath, Tafel lines with one slope in the linear logarithmic section are obtained (cf. Fig. 4). The 
effect of potassium cyanide * on the overpotential at copper deposited from copper sulphate is 
also studied. The results are shown in Fig. 4. It is clear that addition of the cyanide causes a 
numerical increase in the values of %, more pronouncedly at high current densities. 

The effect of the nature of the substrate on 7 is studied by measuring Tafel lines for copper, 
deposited from a cyanide bath, on copper and nickel substrates. The Tafel lines obtained 
(Fig. 5) are also characterised by the occurrence of two slopes in the linear logarithmic section, 


Discussion 

Comparison with Previous Work on Electrodeposited Copper.—Senett and Hiskey # 
observed that the overpotential results on electrodeposited copper are irreproducible in 
the sense that 7 (at a constant current density), as well as 5, varies from one electrode to 
another in the same solution and at the same temperature. Thus, for electrodes deposited 
from a cyanide bath, the above authors observe that » at 0-96 A/cm.* varies from 533 to 
218 mv, and 4 varies from 91 to 53 mv, at 22°. Different Tafel equations are fitted to 
individual measurements between 10°* and 5 x 10 a/cm.*. The present investigation, on 
the other hand, indicates that two Tafel equations may be fitted to all measurements on 
copper deposited from a cyanide bath (cf. Fig. 2). 

The difference between the present and Senett and Hiskey’s results may be attributed to 
the difference in the techniques of measuring overpotential. Senett and Hiskey kept their 
electrodes polarised, at a current of 4 x 10°° 4, between measurements. This process of 
ageing is dispensed with in the present investigation. Ageing the electrode may have 
various results: (i) Contamination of the electrode surface by trace impurities from the 
solution over the period of ageing which may last for several days (traces of impurities are 
known to affect values of both 4 and 6); and (ii) variation of the electrode surface with time 
of ageing. On the above basis, different periods of ageing may produce different values 


* These KCN solutions were de-oxygenated and pre electrolysed in a separate cell attached to the 


cathode compartment of the electrolytic cell (cf. Bockris *) 


* Davies, “ Statistical Methods in Research and Production,’ Oliver and Boyd, London, 1049 
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of » (at a constant apparent current density) and 6 even for the same electrode, in the same 
solution and at the same temperature, as observed by Senett and Hiskey. 

Significance of the Change of Slope of the Tafel Line with Cathodic Polarisation.—The 
occurrence of two Tafel-line slopes has been reported in the literature. E.g., Bockris and 
Conway ? observed two slopes for silver cathodes in 0-1—7-On-hydrochloric acid in the 
current-density range 10°*—10°* a/cm.*. They attribute the break in the Tafel line to 
specific adsorption of H,O* ions. Schuldiner * also observed an increase in the slope, from 
0-027 to 0-12 v for bright platinum in 0-\n-sulphuric acid, with increase of cathodic 
polarisation. He attributes the break in the Tafel line to the change of mechanism from a 
rate-determining catalytic desorption at low cathodic polarisation to a rate-determining 
slow discharge from water molecules at high cathodic polarisation. Similar observations 
have been reported for tungsten® and tellurium'® in hydrochloric acid. A theoretical 
study by Parsons * on dual and coupled mechanisms indicates the possibility of change 
of mechanism, and consequent change of slope, with increase of cathodic polarisation. 

The results of the present investigation may be attributed to the heterogeneity of the 
surface of deposited copper. Most deposits are known to be heterogeneous in nature. In 

astudy of the electrochemical behaviour of non-uniform 

surfaces, Busing and Kauzmann ™ indicated that different 

currents are carried by different parts of the electrode surface. 
i The Tafel equation, V = a-— 6 In J, is written as: y 
{ VX + InJ, where y = a/band X = 1/b. Each elementary 
area of the electrode surface is characterised by certain 
; values for X and y. According to the above authors, the 
p steady-state potential is related to the macroscopic current 
density by the Tafel equation only when the macroscopic 
i current lines (represented by y = VX -+-In J) intersect 
; at a common point on the distribution representing the 
H electrode surface. 
x; It is possible to explain the occurrence of two Tafel-line 
slopes for copper deposited from a cyanide bath if the assump- 
tion is made that hydrogen is evolved on two main kinds of 
site of adsorption on the electrode surface. In this case the plot of y against X for different 
currents (macroscopic) may be represented by Fig. 6. At low currents (represented by I 
and II) the intersection of the current lines may take place on a point represented by 
(X,, ¥,) on the first kind of sites of adsorption. At high current densities (represented by 
Il! and LV) the intersection may take place on a point (X4, y,) in the region of the second 
kind of adsorption sites. Since X, > X, and b = 1/X, b, is greater than b,, indicating that 
the Tafel line slope at high current densities is greater than that at low current densities. 

The fact that the Tafel line for copper deposited from copper sulphate is characterised 
by a single slope may be due to the occurrence of only one kind of site of adsorption for 
hydrogen evolution. The fact that the overpotential for copper deposited from a cyanide 
bath is numerically greater than that for copper deposited from copper sulphate (cf. Figs. 2 
and 4) may be attributed to the de-activation of active centres by cyanide ions. The 
activity for hydrogen evolution is, therefore, greater (and y is smaller) in the case of a 
deposit from copper sulphate than in the case of a deposit from a cyanide bath. This is 
supported by the fact that addition of potassium cyanide numerically increases 4 on copper 
deposited from CuSO,, 

The authors thank Professor A. R. Tourky for his interest, and Professor J. O’M, Bockris for 
helpful discussions, 
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587. The Enzymic Synthesis and Degradation of Starch. Part XXII.* 
Evidence of Multiple Branching in Waxy-maize Starch. A Cor- 
rection. 

By STANLEY Peat, W. J. WHELAN, and Gwen J. THomas. 


The yield of maltose -+- maltotriose obtained when waxy-maize 8-dextrin 
is treated with R-enzyme is 12.8%. In our previous Note,’ the yield was 
erroneously given as 5:3%, 

Additional evidence confirms that the molecule of the @-limit dextrin, 
and hence that of the parent amylopectin, is multiply branched on the 
random pattern postulated by K. H. Meyer. 

The different modes of action of R-enzyme on waxy-maize amylopectin, 
potato amylopectin, and animal glycogen allow the a-1 : 6-branch linkages 
to be classified in three greups, according to their positions in the molecule. 

An enzymic method of assay of basal-chain length is described. 


In 1952 we briefly reported ! evidence for multiple branching in waxy-maize starch, which 
is an amylopectin virtually free from amylose. An error made in a calculation in this paper 
has been discovered by Miss E. F. Neufeld (Berkeley, California) and communicated to us 
by Professor E. L. Hirst. It is the purpose of this paper to give publicity to the correction 
of this error and to report further details of the relevant experiments. 

The products of the action of R-enzyme * on waxy-maize 6-limit dextrin (4-19 g.) were 
separated into diffusible (1-77 g.) and non-diffusible (2-40 g.) fractions. Sub-fractionation 
of the former on charcoal-Celite® yielded maltose (0-278 g.), maltotriose (0-282 g.), and higher 
maltodextrins. The percentage conversion of the @-dextrin into maltose + maltotriose 
was erroneously calculated to be 5-3. The correct figure is 128%. The miscalculation 
does not invalidate the conclusion we reached, namely, that amylopectin is a multiply 
branched structure. Indeed, the true yield of maltose -+- maltotriose in this experiment 
indicates an even greater degree of multiple branching than that inferred from the figure, 
53%. 
The structural formula which have been proposed for amylopectin are reproduced in 
the Figure. Three types, A, B, and C, of linear “ basal” chain units are distinguishable. 
In a type A chain only the reducing-end glucose unit is involved in 1 : 6-linkage; a B chain 
is linked at its reducing end to another B or to a C chain while at the same time it carries 
one or more basal chains as branches; the C chain carries the only reducing group in the 
molecule. 

If the amylopectin molecule contains n basal chains, then the singly branched Haworth 
molecule (Fig. a) is constituted of the unique C chain, one A chain, and (mn — 2) B chains. 
The Staudinger formula (Fig. c) has one C chain, (n — 1) A chains,and noBchains. Between 
these two extremes stands the Meyer formula (Fig. b) which depicts a ramified structure in 
which the branching is multiple and completely random. Such a structure contains equal 
numbers of A and B chains, if the single C chain is neglected.* 

The yield of maltose + maltotriose liberated, as described, by the debranching action 
of R-enzyme on the $-limit dextrin is a measure of the proportion of A chains in the original 
amylopectin. §-Amylase degrades the A chains of amylopectin to two-unit or three-unit 
‘stubs ’’ according as the original chains contain an even or odd number of glucose units 
respectively.4® The “ stubs ” are then liberated by R-enzyme as maltose or maltotriose 
and it is to be noted that these sugars are derived from A chains only (see below). Statistic- 
ally it is to be expected that the numbers of ‘ odd "’ and “ even” A chains will be equal 
and in consequence the average length of the stubs in the 6-dextrin will be 2-5 glucose units, 


* Part XXI, J., 1956, 53. 

1 Peat, Whelan, and Thomas, /., 1952, 4546. 

* Hobson, Whelan, and Peat, /., 1951, 1451. 

* Whelan, Bailey, and Roberts, /., 1953, 1293. 

‘ Hirst and Manners, Chem. and Ind., 1954, 224. 

* Whelan and Roberts, Biochem. J., 1964, 68, 569. 
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Since the average length (calculated from the proportion of non-reducing end groups) of 
the basal chains of the amylopectin is 24-4 and the degree of ¢-amylolysis is 52%, their 
average length in the 6-dextrin is 12. In the Meyer formula of the ¢-dextrin the numbers 
of A and B chains are equal and since the average A-chain length is 2°56, the average 
B-chain length is 21-5 and, in terms of glucose residues, the proportion of A chains is (l00 x 
2-5/24)%, — 104%. Similar calculation shows the Staudinger $-dextrin to contain 
20-8%, of A chains. In the Haworth molecule the proportion is vanishingly small.* 

The actual yield of maltose + maltotriose (128%) eliminates the Haworth structure, 
leaving those of Meyer and Staudinger for consideration. The Staudinger formula cannot 
be rejected solely on the ground that the yield of the two sugars is less than 20-8%, since 
the data in the Table prove that the $-dextrin was not completely debranched. The 
maximum yield of maltose 4- maltotriose may not therefore have been obtained. 
Nevertheless the Staudinger formulation may be discarded since it requires that maltose 
and maltotriose be the only low-molecular products of R-enzyme action on the $-dextrin. 
It is shown below that this is not the case, The evidence therefore points to the probable 
correctness of the Meyer formula in the sense that approximately equal numbers of A and 


Possible structural formula for amylopectin. 


bee 


A 


(c) Staudinger 


(6) Meyer 


© =~ Non-reducing chain end. yy = @1:6-Link, @ = Free reducing chain end. 


B chains are present, as required by this structure in its completely random form.* It is 
to be noted, however, that there are three variables concerned in the “ randomness ”’ of 
the Meyer model, namely, (i) the ratio of A to B chains, (ii) the relative spacing of the 
branch linkages, and (iii) the relative length of the basal chains. The present proof of 
randomness with respect to one of these variables does not preclude a degree of orderliness 
in respect of the other two. Bearing on this question is the composition of the diffusible 
fraction of the R-treated §-dextrin. Sub-fractionation of the diffusible fraction on char- 
coal yielded maltose and maltotriose, as stated, but neither malto-tetraose nor -pentaose 
was isolated. The first sugar to be eluted after the maltotriose was maltohexaose, followed 
by a continuous series of higher maltodextrins, the degree of B-amylolysis of which indi- 
cated the absence of branch linkages (see Experimental section). This discontinuity in 
the series of diffusible products establishes the validity of the assumption that the maltose 
and maltotriose originated only from A chains. If these sugars had been formed from B 
chains it is difficult to imagine why four-unit and five-unit B chains should not also have 

* Professor Hirst has asked us to point out that the ratio of A to B chains, calculated by the method 


of Hirst and Manners,‘ is approximately unity when the corrected analytical figures are used and that 
he and Dr. Manners accept the new figure for the degree of multiple branching in waxy-maize starch. 
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been liberated. We therefore conclude either that the $-dextrin contains no B chains 
shorter than six units or that such chains are present but are not liberated by R-enzyme, 
Taken in conjunction with the recent demonstration that the length of an outer B chain 
in a $-dextrin is either zero or one glucose unit,® the first alternative implies that five is 
the minimum number of glucose units interposed between pairs of C,-substituted glucose 
members of different basal chains in waxy-maize amylopectin. 

Steric Factors influencing R-Enzyme Action.—The degree of B-amylolysis of waxy-maize 
starch is 52%, before, and 64%, after treatment with R-enzyme, and the corresponding 
values for the @-dextrin are 0 and 73%. Clearly R-enzyme has a greater debranching 
action on the 6-dextrin than on the parent amylopectin, an indication that some at least of 
the outer chains of the amylopectin (which are degraded by §-amylase) constitute a barrier 
to R-enzyme. When, however, R-enzyme and §-amylase act simultaneously on waxy- 
maize starch, conversion into maltose and maitotriose is complete. Incidentally, the 
relative yields of the two sugars enable the average basal-chain length to be calculated 
(see below). This contrast between the successive and the simultaneous action of R-enzyme 
and $-amylase is explicable if it is assumed (i) that R-enzyme, attacking the amylopectin 
molecule at its surface, penetrates inwards only as the surface is eroded by the removal of 
some of the outer branches and (ii) that a further number of branch linkages become 
accessible to R-enzyme when the outer chains are degraded by #-amylase. Complete de- 
branching occurs when §-amylase and R-enzyme act simultaneously because R-enzyme 
exposes what were previously inner chains to the action of $-amylase which, in turn, 
degrades these newly exposed chains and thus allows R-enzyme to penetrate to the inner- 
most branch linkages. 

The properties of the non-diffusible fraction of R-treated @-dextrin support this view 
(see Table). Although the components of this fraction contain the R-resistant branch 
links, each was completely debranched by R-enzyme and $-amylase acting together. The 
less soluble part of the non-diffusible fraction (fraction 2 in the Table) was also completely 
debranched by the successive action of B-amylase and R-enzyme. 


Action of R-enzyme and $-amylase on waxy-maize and potato amylopectin and their sub- 
fractions. 


Apparent conversion into maltose (%,) 
R-Enzyme and f-amylase 
Substrate B-Amylase Successive Simultaneous 


Diffusible fraction 
R-Treated waxy-maize f-dextrin.,.¢ Non-diffusible fraction | 
Non-diffusible fraction 2 
Waxy-maize amylopectin 
Waxy-maize f-dextrin 
Potato amylopectin 
Potato #-dextrin 


The branch links in waxy-maize amylopectin therefore fall into two classes, according 
to their position in the molecule. The first type is directly accessible to R-enzyme; the 
second becomes accessible only after initial 6-amylolysis. That | ; 6-branch linkages are 
to be found in yet a third situation with respect to R-enzyme action is shown by the failure 
of this enzyme alone, or in combination with 6-amylase, to attack the branch linkages of 
glycogen (rabbit-liver or oyster).? The glycogen molecule is much more compact than 
amylopectin, the basal chains being shorter and the branch linkages nearer together (the 
average basal-chain length is half that of amylopectin). Nevertheless the inaccessibility 
of the branch links in glycogen cannot be due entirely to the shorter distance between 
them, because when glycogen is fragmented by a-amylase, the fragments are readily de- 
branched by R-enzyme, although the relative spacing is the same in the fragments as in 
the parent glycogen.* 

The amylopectin of potato presents an interesting contrast to that of waxy maize. 

* Summer and French, Abstracts Amer, Chem. Soc. Meeting, 1966, 36C. 


* Peat, Whelan, Hobson, and Thomas, /., 1954, 4440 
* Whelan and Koberts, Nature, 1952, 170, 748. 
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Thus, the simultaneous action of R-enzyme and $-amylase completely degrades the latter 
polysaccharide to maltose and maltotriose whereas the conversion of the former ceases at 
86°, (see Table), from which it is inferred that there are resistant centres in the structure 
of potato amylopectin which are not present in the waxy maize. The conversion limits of 
the successive action of R-enzyme and §-amylase (Table) demonstrate that the same 
proportion of branch linkages are broken by R-enzyme in potato $-dextrin as in the amylo- 
pectin. It is evident that the outer chains of potato amylopectin do not obstruct R- 
enzyme action as does to some degree the superficial structure of waxy-maize amylopectin. 

The resistance of the “ core ’’ of potato amylopectin to the combined action of R-enzyme 
and $-amylase suggests that some of the interior branch links are protected from R-enzyme 
action by a high degree of ramification, such as is associated with the whole molecule of 
glycogen. Another factor must, however, be considered. Potato amylopectin contains 
ester phosphate * and such groups are known to obstruct f-amylolysis. Nevertheless this 
is unlikely to be the main cause of the resistance since the phosphate content (0-1%) 
corresponds to only one phosphate group per 200 glucose units. 

Calculation of the Basal-chain Length of Waxy-maize Starch.—By the simultaneous 
action of R-enzyme and $-amylase, waxy-maize starch (6°24 g.) was completely converted 
into maltose (5°97 g.) and maltotriose (0-358 g.), the percentage recovery of the two sugars 
being 96:2. Only the “ odd” basal chains will yield maltotriose. If the amylopectin 
consists of equal numbers of chains of odd and even degree of polymerisation and if the 
average number of units in a basal chain is p, then 3 in every 2 glucose units appear as 
maltotriose. The ratio, yield of maltotriose ; combined yield of maltose and maltotriose 
(in terms of glucose), is thus 3: 2p. The value of p so calculated, namely, 26-1, is in fair 
agreement with that determined by periodate oxidation (24-4). 


EXPERIMENTAL 


Analytical Methods.—These are described in Part XIX.’ All buffers contained sodium 
acetate-acetic acid, and all incubations were carried out at 35°. 

Unless otherwise stated, the results recorded in the Table were obtained by the follow- 
ing general procedures, In successive actions of R-enzyme and (§-amylase, incubation with 
R-enzyme (2.5-—5-5 mg. of enzyme per mg, of polysaccharide) was carried out at pH 7-0, The 
progress of reaction was followed by measurement of blue value," this becoming constant in 
about 6—8 hr. and remaining constant overnight; the enzyme was then inactivated by heat. 
The pH was lowered to 6-0 and crystalline sweet-potato or purified soya-bean (-amylase 
(15-30 units per mg. of polysaccharide) added. The reducing powers became constant in 
about 6 hr. and did not change appreciably overnight. In simultaneous actions the two enzymes 
(concentrations as above) were incubated with the polysaccharide at pH 6-0, reducing powers 
becoming constant overnight. When the action of f-amylase alone was studied, the pH was 
4-8. In one instance (non-diffusible fraction 2 of R-treated waxy-maize $-dextrin) the successive 
actions of j-amylase, K-enzyme, and §-amylase were examined, The first treatment (8-amylase) 
was at pH 4-8, the second and third treatments (R-enzyme, f-amylase) at pH 6-0. 

Ensymes.—R-Enzymes was prepared as in Part XIX,’ and purified soya-bean 6-amylase 
asin Part XVI." 

Amylopectins.—-Genetically pure waxy-maize starch was defatted with boiling 80%, 
methanol. Potato amylopectin was prepared as in Part XIII of this series.“ 

§-Dextrins.—Waxy-maize starch (11-70 g.) was treated with purified soya-bean f-amylase 
(10,300 units) in 0-02m-acetate buffer (pH 4-8; 11.) for 19hr. The enzyme was heat-inactivated, 
the digest dialysed for 48 hr. against running distilled water, then concentrated, and the enzyme 
treatment was repeated (4120 units of enzyme; 800 ml. of digest; 0-012m-buffer); in 16 br. 
the increase in reducing power corresponded to only 0-25% conversion. Dialysis of the heated 
digest for 144 hr, reduced the apparent maltose content to 4-8 mg./l. The dextrin was not 
isolated but was used as described below. 


* Posternak, J]. Biol. Chem., 1951, 188, 317. 

Peat, Whelan, and Bailey, J/., 1953, 1422. 

't Bourne, Haworth, Macey, and Peat, /., 1948, 924 
‘® Peat, Pirt, and Whelan, J., 19562, 714. 

 Schoch, J. Amer. Chem, Soc., 1942, 64, 2054. 

'* Hobson, Pirt, Whelan, and Peat, /., 1951, 801. 
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Potato amylopectin 6-dextrin was similarly prepared. 

Action of R-Enzyme on Waxy-maize 8-Dextrin.—A portion of the 6-dextrin solution containing 
4-30 g. was treated with R-enzyme 1 g.) in 1 1. of 0-05m-acetate buffer (pH 7-0). The reaction 
was followed by staining portions (0-5 mi.) of the digest with 0-2% iodine in 2% potassium iodide 
solution (2-5 ml; in 100 ml. and measuring the A.V. (680 my) in 4.cm. cells, The initial value 
of 0-281 changed to 0-441 after 23-5 hr. when more enzyme (0:36 g.) was added, the A.V. at 
27-8 hr. being 0-449. Addition of a further 0-5 g. of enzyme caused the A.V. to reach 0-475 at 
35-8 hr.; then all but a small portion of the digest was heated to inactivate the enzyme. The 
unheated portion had A.V. (680 my) 0-473 at 48 hr. The heated portion was diluted to 1 1, 
the polysaccharide content (4-205 g.) determined by acid hydrolysis, and an aliquot removed 
for treatment with purified soya-bean B-amylase (60 wnits per mg. of polysaccharide); the 
apparent conversion into maltose was 73% after 8 hr. The remainder was concentrated in a 
vacuum to 400 ml. and dialysed in Cellophane bags against five changes of aqueous 0-08M- 
mercuric chloride (2 |. each) for successive 24-hr. periods. The combined diffusates were con- 
centrated to 250 ml. of solution, estimated by acid hydrolysis to contain 1-77 g. of polyglucose, 

The non-diffusible part was freed from protein by coagulation at 100° for 15 min, and con- 
centrated to 50 ml. The carbohydrate precipitate was removed, suspended in water, and freeze- 
dried (fraction 2; 0-954 g.; blue value, 0-320). The supernatant solution was also freeze- 
dried, yielding fraction 1 (1-451 g.; blue value, 0-251). 

Properties of the Fractions from R-Treated Waxy-maize 8-Dextrins.—-Action of $-amylase. 
The diffusible fraction was treated with purified soya-bean §-amylase (6 units per mg, of poly- 
saccharide) at pH 4-8. The percentage conversions (as maltose) were 86-5 and 87 at 5 and 
22-5 hr. respectively. An 8-fold increase in the enzyme concentration raised the % conversion 
to 108 (constant after 97 hr.). The conversion limit of the “ linear "’ diffusible fraction (87%) 
with the dilute §-amylase corresponds to the production of maltose and maltotriose in the ratio 
2-22: 1. Addition of a large amount of $-amylase causes the hydrolysis of maltotriose into 
maltose and glucose * and would raise the apparent conversion to 112%, in reasonable agreement 
with the experimental value of 108%. 

The non-diffusible fractions were treated with crystalline f-amylase (9 units per mg. of 
polysaccharide) at pH 4-8, The percentage conversions recorded in the Table were those 
obtaining at 6 hr. (constant). 

Fractionation of the Diffusible Debvanched Waxy-maize 8-Dextrin.-A portion of the solution 
of the diffusible fraction equivalent to 1-70 g. was fractionated on a charcoal-Celite column 
(72 x 4 cm.) as already described.? Elution was with water (2-2 1,), and 100 ml, fractions were 
collected; measuring their optical rotation in a 4 dm. tube showed that no optically active 
material was removed, Further elution was continued with stepwise increasing concentrations 
of aqueous ethanol. Maltose (0-267 g.) and maltotriose (0-271 g.) were thereby obtained, the 
weights being estimated by evaporation of the appropriate fractions to dryness and measure- 
ment of glucose liberated after acidic hydrolysis of the products. Identification was based on 
the following properties. The maltose had [a], + 135° in H,O, maltotriose + 160° (cf. ref. 3), 
and the respective reducing powers were 100% and 104%, of those of authentic specimens, 
The maitose was not attacked by crystalline B-amylase but the maltotriose underwent 96% 
conversion into maltose and glucose when treated with a large amount of enzyme, The Ry, 
values of the two sugars in butan-1l-ol-acetic acid~water (4: 1: 5, v/v) were the same as those 
of authentic specimens. 

Further perfusion of the column with 19%, 21%, and 23% ethanol did not elute optically 
active material. 30% Ethanol (21.) eluted 95 mg. of carbohydrate having {a}, + 179° in H,O, 
a degree of polymerisation of 6-3 (measured by copper reducing power *), and a percentage 
conversion by 6-amylase of 92 (as maltose), Paper chromatographic fractionation showed it to 
consist of two sugars having the Ry values of malto-hexaose and -heptaose. 40% Ethanol and 
50%, ethanol eluted 263 and 79 mg. respectively of carbohydrate, The degrees of polymerisation 
were 9-0 and 12-0. 

Simultaneous Treatment of Waxy-maize Starch with R-Ensyme and 6-Amylase,-Waxy-maize 
starch (6-67 g.) was treated with R-enzyme (275 mg.) and crystalline 6-amylase (5000 units) 
in 1 1. of solution containing 100 ml. of 0-2m-acetate buffer (pH 7-0), The percentage conversion 
into maltose was 100 after 33 hr. and 101 after 46 hr. After 48 hr. the enzymes were 
heat-inactivated, and the solution was concentrated to about 100 ml. and then dialysed suc- 
cessively for 24-hr. periods against 2, 1, and 1 |. of distilled water, The combined diffusates 
were evaporated to dryness and made up to 100 ml. with water, and a portion (95 ml., equiv. 
to 6-24 g. of original starch) was fractionated on a charcoal-Celite column (100 x 4 cm.) which 
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was irrigated successively with water and stepwise increasing concentrations of aqueous ethanol. 
No glucose was obtained, but maltose was eluted with 7-5% ethanol and maltotniose with 15% 
ethanol. The appropriate fractions were combined, evaporated to dryness, and dissolved mn 
water for measurement of yield (by acid hydrolysis), (a]p, reducing power, and $-amylolysis 
limits. Portions of the solutions were evaporated to dryness and the solid residues acetylated 
with sodium acetate~acetic anhydride. The maltotriose acetate was obtained crystalline only 
after fractionation on Magnesol-Celite (cf. ref. 15). The reducing powers of the two sugars 
were identical with those of corresponding authentic specimens. Other properties of the iso- 
lated maltose and maltotriose were: [a], in HzO, +141°, +-158°; §-amylolysis limits, 0%, 
98%; m. p. of acetate 160°, 136°; (a), of acetate in CHCI,, +63°, +87° 


We thank Dr. T. J. Schoch for the waxy-maize starch, Dr. A. K. Balls for the crystalline 
6-amylase, and the Department of Scientific and Industrial Research for a maintenance grant 
(to G, J. T.). 
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588. Ferrocene Derivatives. Part III,.* cycloPentadienyliron 
Carbonyls. 


By Bb. F. Hautam and P. L. Pauson. 


Dicyclopentadienyldi-iron tetracarbonyl has been employed as the starting 
material for two new routes to unsymmetrically substituted ferrocene deriv- 
atives. One route proceeds by way of derivatives of dicyclopentadienyliron 
dicarbonyl, a substance in which only one of the cyclopentadieny] rings is 
symmetrically bonded to the iron atom. The structure of this compound is 
proved unambiguously and is discussed in relation to current theories con- 
cerning the bonding in compounds of the ferrocene type. 


Tue preparation of dicyclopentadienyldi-iron tetracarbonyl has been described}? and 
its structure (I) has been established by X-ray crystallography.** Dicyclopentadiene 
has hitherto been used in this preparation since it is then possible to carry out the reaction 
at atmospheric pressure. This procedure suffers from two disadvantages, namely, the 
decomposition of iron pentacarbonyl at the temperature of the reaction (135°) and the 
necessity of employing a large excess of hydrocarbon which is difficult to remove from 
the final product but is necessary to ensure the generation of sufficient cyclopentadiene 
monomer for the reaction. These disadvantages have now been overcome by using mono- 
meric eyclopentadiene in a closed system. The yield has been raised from 60 to 78% and 
according to a patent,* which became available after the completion of this work, almost 
quantitative yields have been attained on a large scale. Moreover, the quality of the 
crude product is much improved and, unlike the earlier method, this variant also affords 
high yields of the tetracarbonyl (I) when iron enneacarbonyl is used in place of iron 
pentacarbonyl. 

The tetracarbonyl decomposes at about 220°, with the formation of ferrocene. This 
reaction is promoted * at a lower temperature by hydrocarbon solvents and the yield is 
increased somewhat by the addition of cyclopentadiene. However, the maximum yield 
claimed (43°, based on Fe, 86% based on the cyclopentadiene) is insufficient to establish that 
additional eyclopentadiene enters directly into the reaction. This is shown conclusively 


* This ~ was presented at a meeting of the Chemical Society held at Burlington House on 


December 15th, 1955, Part II, J., 1965, 367. 


1 Piper, Cotton, and Wilkinson, J. Inorg. Nuclear Chem., 1965, 1, 165. 

* Hallam, Mills, and Pauson, ibid., p. 313. 

* Mills, unpublished work, 

* Leedham (to Shell), B.P, 737,124; this patent refers to compound (I) as (C,H,),Fe,(CO),. 
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by the successful preparation of unsymmetrically substituted ferrocene derivatives by 
heating dicyclopentadienyldi-iron tetracarbonyl (I) with substituted eyclopentadienes. 
Both benzylferrocene and 1 ; 3-diphenylferrocene have been obtained thus, by heating 
the tetracarbonyl (I) with the benzyleyclopentadiene * and | : 3-diphenyleyelopentadiene ® 
respectively. The method appears to be general and avoids the tedious separation from 
symmetrically substituted products necessary when a mixture of cyclopentadiene deriv- 
atives is used in the Grignard method.’ 

To extend this method to unsymmetrical ferrocene derivatives in which both rings 
bear substituents, it is necessary to prepare substituted analogues of the eyclopentadiene 
compound (1). This was attempted with 1 : 3-diphenyleyclopentadiene, but at reaction 
temperatures of 150° and 125°, only 1:3: 1’ : 3’-tetraphenylferrocene 7? was obtained. 
This is contrary to patent claims * and indicates that the expected bis(diphenyleyelo- 
pentadienyl)di-iron tetracarbonyl, if formed at all, must decompose under very much 
milder conditions than the unsubstituted compound. As none of this intermediate could 
be found, even at the lower temperature (the compound would be expected to be highly 
coloured and therefore detectable in minute amounts), it appears probable that its formation 
is prevented, perhaps by steric factors. By contrast, benzyleyclopentadiene reacts with 
iron pentacarbonyl, under the same conditions as cyclopentadiene itself, to yield the 
dibenzy! analogue (II). This compound, when strongly heated under reduced pressure, 
decomposed to dibenzylferrocene identical with a specimen synthesised from benzyleyclo- 
pentadienyl-lithium and tetrapyridinium ferrous chloride. 

As previously reported,)* dicyclopentadienyldi-iron tetracarbony] (1) is oxidised by 
air in mineral acid solution to form the cyclopentadienyliron dicarbonyl halides (IIT; 
X = Cl or Br). This oxidation has also been carried out in perchloric and in sulphuric 
acid but then no crystalline salt was isolable. It was noted, however, that when a solution 
of the sulphate, so prepared, was treated with barium chloride, filtered from barium 
sulphate, and immediately extracted with chloroform, it did not yield the expected product 
(IIl; X = Cl). This product was, however, extracted from the aqueous solution several 
hours later. The slow formation of the chloride (111; X = Cl), which occurred under 


(i) R=H, (H) R=CH,Ph 


these conditions is most readily understood if the product is considered to exist in solvated 
form in its ionised salts, ¢.g., as (CsH,Fe(CO),(OH,)|'X~, from which the chloride (III; 
X = Cl) is formed by slow replacement of bound solvent by halogen. This observation 
throws doubt on the existence ! of the free ion C,H,Fe(CO),', which, unlike the postulated 
solvated form, cannot attain eighteen outer-orbital electrons about the iron atom. 

For the preparation of larger quantities of the bromide (II1; X = Br) direct 
oxidation of the tetracarbony! (1) with bromine was a simpler procedure and gave a higher 
yield. Analogous preparations of the iodide have recently been described ;*%* this had 
previously been obtained * by halogen exchange with the chloride, as described on p. 3034. 

On treatment with sodium phenylacetylide * or with phenyl-lithium the halides (111) 


® Alder and Holzrichter, Annalen, 1936, 624, 145. 

* Drake and Adams, J, Amer. Chem, Soc., 1939, “a 1326 

7 Part |, J, Amer. Chem. Soc., ees. is. 2187. 

* Fischer, Angew. Chem., 1956, 67, 4 

* Piper and Wilkinson, j. Inorg. ‘i ucloar Chem., 1956, 2, 38. 
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* «reduced back to the dicyclopentadienyldi-iron tetracarbony! (I). In contrast, treat- 
ment of these halides (III) with cyclopentadienylsodium or cyclopentadienyl-lithium yielded, 
in addition te this tetracarbonyl and ferrocene, a compound with the composition of a 


ICH FolCO)ds + Ky ——t 2C,H,Fe(CO),X 
(111) 


2C,H,Fe(CO),X + PhLi or Ph*CHCNa ——t [C,H,Fe(CO),], 
(131) (I) 


C,H, Fe(CO),X + C,H,Na or C,H,Li > C,H,Fe(CO),C,H, 
(ii) (IV) 


dicyclopentadienyliron dicarbonyl (IV).4° It was natural to assume that this difference 
in behaviour resulted from the ability of the additional cyclopentadienyl group to be 
bonded as in ferrocene. The assumption also rested on the theory 1! which postulates 
only a single d,-p, bond from the central metal atom to each cyclopentadienyl ring in 
ferrocene and related compounds, so that the iron atom may be regarded as having ten 
outer-orbital electrons in ferrocene and fourteen in all the above cyclopentadienyliron 
carbonyl compounds. A structure for dicyclopentadienyliron dicarbonyl (IV), in which 
both eyclopentadienyl rings are considered to be bonded to iron as in ferrocene, is difficult 
to account for on the alternative theoretical views of Ruch and Fischer,” who have always 
maintained that the metal atom attains the same number of electrons as the next inert 
gas in compounds of this type. 

While reaffirming the “ 14-electron theory,” Piper and Wilkinson ™ nevertheless 
proposed that one of the rings in the dicarbonyl (IV) and in an analogous dicyclopenta- 
dienylchromium dinitrosyl, (CgH,),Cr(NO),, is linked through a single carbon atom to the 
metal atom by a normal covalent bond (structure IVb).* Although in the case of the 
chromium compound analogous methyl and phenyl derivatives, C,H,C rR(NO), (R = Me 
or Ph) were reported, no explanation of the formation of only a o-type bond in the case of 
the cyclopentadienyl compound was offered. On the basis of the “ 14-electron theory ” 
it would be expected that the inherently more stable resonating single bond would be 
formed (structure IVa), especially as both types of bond would utilise the same d orbitals 
of the metal, 

Structure (IVb) would clearly be the preferable structure on the alternative theory 
which necessitates the use of three metal orbitals for “ ferrocene type ’’ bonding of one 


a: 


OC —Fe~CO OC—Fe-CO 


(Wa) (O) 7; (IVb) 


cyclopentadieny] ring, leaving insufficient metal orbitals for similar bonding of the second 
ring 

In view of these theoretical implications, it appeared desirable to provide more 
conclusive evidence for one or other of the structures (IVa and b). The latter structure 
was postulated mainly on the basis of the (rather weak) absorption band observable in the 


” 


* The double bonds in this formula are shown in arbitrary rege No evidence is available to 


distinguish between the alternative positions, and only one of the three possible isomers has been 


isolated 


'® Hallam and Pauson, Chem. and Ind., 1955, 653, 

't Moffitt, /. Amer. Chem. Soc., 1954, 76, 3386. 

Ruch and Fischer, Z, Naturforsch,., 1952, 7b, 676; Ruch, Siteungsber. Bayer. Akad, Wiss., Miinchen, 
math.-naturwiss, K1., 1964, 347; Ruch, Z. hys. Chem, (Frankfurt), 1956, 6, 356 

“ Piper and Wilkinson, Chem. and In , 1955, 1296. 
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C-H stretching region below 3000 cm.! and attributed to the “ aliphatic ’’ C-H bonds 
in structure (IVb). Several arguments could be adduced in favour of the alternative (IVa), 
most notably, the gradual decomposition into ferrocene which the compound 

at room temperature, even in the solid state. However, when this compound (IV) was 
heated above its melting point in an attempt to accelerate its decomposition, dieyelo- 
pentadienyldi-iron tetracarbonyl (I) was formed in addition to ferrocene; in fact the 
tetracarbonyl appeared to be the major product of decomposition at 80—100°. Further, 
dicyclopentadienyliron dicarbonyl is very rapidly hydrolysed by hydrochloric acid, 
regenerating the chloride (III; X = Cl), presumably according to the equation : 


C,H,Fe(CO),C,H, + HCl -= C,H, Fe(CO),Cl + C,H, 


Both these reactions indicate that one cyclopentadieny! ring is more labile than would be 
expected on the basis of structure (IVa). 

Finally, structure (IVb) was conclusively proved by a study of benzyl analogues. 
Whereas structure ([Va) leads to only one monosubstituted derivative, structure (IVb) 
leads to different derivatives depending on which ring bears the substituent (e.g., VIa and 
b). The additional position isomers which arise in the case of (VIb) need not be considered 
in this connection. 

The existence of at least two monosubstituted derivatives was shown in the following 
way. Di(benzyleyclopentadienyl)di-iron tetracarbony! (I1) was oxidised with bromine in 
chloroform to benzyleyclopentadienyliron dicarbonyl bromide (V) which was then treated 
with cyclopentadienyl-lithium to yield the isomer (Vla). cycloPentadienyliron dicarbonyl 
bromide (III; X = Br) was treated with benzyleyclopentadienyl-lithium to afford the 
isomer (Vib). Both of the products (Vla and b) were obtained as oils and, in view of their 
instability, complete purification was not attempted. They were, however, readily 
separated from any unchanged starting material and from the by-products (II and I 
respectively) by chromatography on alumina. Both products exhibited carbonyl stretching 
frequencies in the infrared spectrum at the characteristic frequencies of compound (IV), 


CH;Ph et 
2 =. — ©) CH,Ph 


(V) lh dha OC—Fe~CO (Via) 


OG 
© 


(I) = OC—Fe-co OC—Fe-CO (Vib) 


| 
Br H 
CH,Ph 
X= Ph: CHy*CsH,° 


but their spectra show distinct differences at higher wavelengths. That the products 
were in fact different, as well as the nature of the difference, was clearly evident from the 
reactions of each with hydrobromic acid. In both cases, only the ring introduced in the 
last step of the preparation was split off, the compound (VIa) being quantitatively converted 
into the pure bromide (V), and the isomer (VIb) into the pure bromide (III; X = Br), 
Like the parent (IV), the benzyl analogue (VIb) lost carbon monoxide at room tem- 
perature, forming benzylferrocene identical with the product described above. This 
second route to unsymmetrically substituted ferrocene derivatives appears, on the limited 
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experience available, to be preferable for alkyl derivatives, while the direct route from the 
tetracarbonyl (I) and a substituted cyclopentadiene has been used more successfully for 
ary! derivatives. 

In attempts to improve the preparation of dicyclopentadienyliron dicarbonyl, the 
reaction of cyclopentadienylsodium with the halides, Fe(CO),1, “ and Fe(CO),Cl,,!° was 
studied. The former gave the same products as cyclopentadienyliron dicarbonyl chloride 
in this reaction, but in lower yield, whereas the latter afforded only ferrocene. The 
possibility of obtaining analogues of (I), (I11), or (IV), in which one (or more) carbonyl 
groups is replaced by triphenylphosphine, has also been studied but the attempted direct 
replacement of carbon monoxide in the compound (I) or (III) by this reagent led instead 
to replacement of the cyclopentadiene ring. The product formed was identical with a 
compeund to which Reppe ef al.¥* have assigned the structure (Ph,P),Fe(CO),. However, 
this simple structure is incompatible with the infrared spectrum of the compound, and 
further investigation of this point is in progress. 

The same product was obtained when Ph,PFe(CO), '* was heated with eyclopenta- 
diene and again when PhgPFe(CO),1, was treated with cyclopentadienylsodium. 


EXPERIMENTAL 


Ligroin refers to the solvent of b. p, 40-—-60° throughout this paper. Infrared absorptions 
were measured in potassium bromide discs unless otherwise stated, ultraviolet absorptions in 
ethanol (95%). 

Dicyclopentadienyldi-iron Tetracarbonyl (1).—(a) From iron pentacarbonyl. Freshly distilled 
cyclopentadiene (30 g.) and iron pentacarbonyl (45 g.) were placed in a one-litre autoclave with 
sufficient solid carbon dioxide to displace most of the air. This mixture was heated at 135° 
for 12hr. The crystalline mass obtained was washed with ligroin to remove unchanged starting 
materials and crystallised from aqueous pyridine, affording a product (31-5 g., 78%), m. p. 192° 
(vac.), infrared max, in the carbonyl stretching region at 1762, 1773, 1945, 1959, 1988, and 
2052 cm.'; ultraviolet max, at 212, 343, and 598 my (log ¢ 4-46, 3-95, and 3-16), 

(b) From iron enneacarbonyl, A charge of cyclopentadiene (2-8 g.) and iron enneacarbonyl 
(3-64 g.) was heated at 140° for 6 hr. and worked up as above. The yield was 2-1 g. (60%). 

cycloPentadienyliron Dicarbonyl Bromide (111; X = Br).—({a) By atmospheric oxidation. 
A rapid current of air was drawn through a solution of the tetracarbonyl (I) (1-75 g.) in ethanol 
(100 ml.), chloroform (50 ml.), and 34% hydrobromic acid (10 ml.) during 4 hr. After evapor- 
ation under reduced pressure, the residue was dissolved in chloroform, filtered through a short 
column of alumina, and again evaporated to small bulk. Addition of ligroin afforded red- 
brown crystals of cyclopentadienyliron dicarbonyl bromide which, recrystallised from chloroform— 
ligroin, had m. p, 98—-102° (decomp. ; in air), 105—107° (vac.) (1-65 g., 65%) (Found: C, 33-1; 
H, 2-0. C,H,O,BrFe requires C, 32-7; H, 2.0%). Infrared max. in the carbonyl] stretching 
region at 1995 and 2049cem.“. (b) By use of bromine. A solution of bromine (1-4 g.) in chloro- 
form (50 ml.) was added dropwise with stirring during 1 hr. to a solution of the tetracarbonyl 
(I) (2-72 g.) in chloroform (150 ml.), cooled in ice-salt, under nitrogen. The solution was stirred 
for a further 2 hr., then washed with aqueous sodium thiosulphate, dried (CaCl,), and evaporated 
to small bulk. Addition of ligroin afforded the bromide (3-23 g., 82%), identical in m. p. and 
mixed m. p. with the product described under (a). 

cycloPentadienyliron Dicarbonyl Iodide (111; X = 1),-A solution of the chloride’ (III; 
X = Cl) (0-5 g.) and sodium iodide (1-51 g.) in acetone (20 ml.) was refluxed under nitrogen 
for 24 hr. After evaporation to dryness in vacuo the product was extracted with chloroform 
and filtered through a short column of alumina, Evaporation to small bulk and addition of 
ligroin yielded dark brown crystals of cyclopentadienyliron dicarbonyl iodide (0-72 g., 65%), m. p. 
117-118" (decomp.; vac.) (Found; C, 27-8; H, 1-8. C,H,O,Fel requires C, 27-7; H, 1-7%). 
Infrared max, in the carbonyl stretching region at 1982 and 2042 cm.". 

cycloPentadienyliron Dicarbonyl Sulphate Solution.—The tetracarbony] (I) was oxidised as 
described above for the preparation (a) of the bromide, the hydrobromic acid being replaced by 


'* Hieber and Bader, Ber., 1928, 61, 1717. 
'® Hieber and Wirshing, Z. anorg. Chem., 1940, 246, 35. 
'* Reppe and Schweckendiek, Annalen, 1048, 560, 104. 
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concentrated sulphuric acid (1-5 ml.). Evaporation of the resultant solution left a red gum 
which dissolved completely in water to give a clear deep red solution, This aqueous solution 
was adjusted to pH 6 by addition of aqueous barium hydroxide and filtered, Addition of 
barium chloride solution to the filtrate at once precipitated more barium sulphate. This was 
filtered off and the clear red filtrate shaken with chloroform at once. The chloroform layer 
remained almost colourless, Gradually, however, the colour passed from the aqueous into the 
organic layer. After 6 hr., when the water layer had become almost colourless, the chloroform 
layer was separated. Evaporation yielded the chloride (III; X = Cl). 

Ferrocene from cycloPentadienyliron Carbonyls.—-When the carbonyl (1) or (III; X = Cl 
or Br) (100 mg.) was heated in a long glass tube for a few minutes over a free flame, and the 
product extracted with ligroin and purified by sublimation, ferrocene was obtained (yields; 
40, 44, and 66% respectively). 

1 : 3-Diphenylferrocene.—1 : 3-Diphenyleyclopentadiene* (1:1 g.) was heated with the 
tetracarbonyl (1) (1-8 g.) in carbon dioxide for 3 hr. at 170° in an autoclave. A ligroin 
extract of the product was purified by chromatography, yielding 1 ; 3-diphenylferrocene (250 mg.) 
as orange needles, m. p. 107° (Found ; C, 78-3; H, 5-9. C,,H,,Fe requires C, 78:1; H, 54%). 

Reaction of 1: 3-Diphenylcyclopentadiene with Iron Carbonyl.—Diphenyleyclopentadiene 
(2-18 g.) and iron pentacarbonyl (1-5 ml.) were heated under carbon dioxide in an autoclave 
at 150° for 4hr. The product was chromatographed in benzene on alumina, the same solvent 
being used as eluant. A small first fraction, largely unchanged hydrocarbon, was followed by a 
brown band. This was eluted, the benzene removed, and the residue dissolved in a little hot 
acetone. On cooling 1:3: 1’ : 3’-tetraphenylferrocene (250 mg.) separated as orange crystals, 
m. p. 219--220°, undepressed on admixture with an authentic specimen,” No other products 
were detected in this, or in another experiment conducted at 125°. 

Preparation of Dicyclopentadienyliron Dicarbonyl (1Vb).-A solution of eyclopentadienyl- 
sodium was prepared by adding freshly distilled cyclopentadiene (0-5 ml.) to sodium (0-12 g,) 
under tetrahydrofuran (25 ml.) in nitrogen. The bromide (III; X = Br) (1-20 g.) was added 
and the mixture stirred for 1 hr. at room temperature. The residue after removal of the solvent 
under reduced pressure was chromatographed in benzene on alumina (Spence’s ‘‘ Grade H,"’ 
deactivated by exposure to air for 6hr.). When benzene was the eluant, an orange-yellow band 
was rapidly separated from a strongly adsorbed dark brown band. From the latter the tetra- 
carbonyl (I) (15—20% yield) was isolated by extrusion of the column and extraction with acetone. 
The benzene solution was evaporated and the residue subjected to further chromatography 
with ligroin as solvent, A pale yellow band containing ferrocene (5--10% yield) was followed 
by the orange band containing dicyclopentadienyliron dicarbonyl ® (15% yield), These yields 
were essentially unaffected by inverting the order of addition of the bromide to the cyclopenta- 
dienylsodium, Analogous results were obtained when the bromide (III; X = Br) was replaced 
by an equivalent amount of the chloride (III; X = Cl), and also when cyclopentadienyl-lithium 
(prepared from cyclopentadiene and phenyl-lithium) replaced the sodium derivative, Use of 
excess of the latter reagent increased the yield of ferrocene at the expense of the dicarbonyl] (IVb), 

Dicyelopentadienyliron dicarbonyl (IVb) crystallises readily from ligroin at --70° as orange- 
red plates, m. p. 46°. It is diamagnetic, Ultraviolet max. are at 211, 320, and 596 my (log 
¢ 4:36, 3-9, and 2-99). Infrared max. are observed in the carbonyl stretching region at 1954 
and 2031 cm.". Samples kept for several weeks in ordinary specimen tubes, but protected 
from light, decomposed more or less completely to ferrocene, together with only a small amount 
of brown insoluble material. At 90° rapid decomposition ensued but only a trace of ferrocene 
sublimed. ‘The binuclear carbonyl (1) was readily extracted from the residue by acetone. 

When the dicarbonyl (IVb) (260 mg.), dissolved in ligroin (25 ml.), was stirred under nitrogen 
with de-aerated constant-boiling hydrochloric acid (20 ml.), the colour passed from the organic 
to the aqueous layer within a few minutes, After 40 minutes’ stirring to ensure complete 
reaction the aqueous layer was separated and extracted with several portions of chloroform, 
The combined extracts were washed with sodium hydrogen carbonate solution, dried (Na,SO,), 
and evaporated in vacuo to small bulk. Addition of ligroin precipitated reddish-brown crystals 
of cyclopentadienyliron dicarbonyl chloride (III; X — Cl) (160 mg., 68%), m. p. and mixed 
m, p. 84-—87°. 

Reaction of Iron Dicarbonyl Dichloride with cycloPentadienylsodium.—-When a tetrahydro- 
furan solution of cyclopentadienylsodium, prepared as above, was added to iron dicarbonyl 
dichloride “ carbon monoxide was rapidly evolved, This was not prevented by cooling in 
solid carbon dioxide and acetone, and ferrocene (43°,) was the only product isolated after 
working up as in the preparation of the dicarbonyl (IVb) 
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Benzylcyclopentadiéne.—This was prepared in good yield by the method given for n-pentyl- 
cyclopentadiene,” by adding benzyl chloride (1 mol.) to a solution of cyclopentadienylsodium 
(prepared by adding cyclopentadiene (1-2 mols.) to sodamide (from 1 g.-equiv. of sodium) in 
liquid ammonia). After removal of solvent, the residue was treated with ice, extracted with 
ether, dried, and distilled, the fraction of b. p. 115—126°/15 mm., n? 1-5537, being collected 
(Alder and Holzrichter® give b. p. 115—120°/13 mm.). Benzyleyclopentadiene polymerises 
on storage and was always redistilled (depolymerised) immediately before use. 

Di(bencylcyclopentadienyl)di-iron Tetracarbonyl.—-Benzylcyclopentadiene (10-5 g.) and iron 
pentacarbony! (15 g.) were heated in carbon dioxide in an autoclave for 4 hr. at 125—130°. 
The crystalline product was separated from unchanged starting materials and recrystallised 
from acetone by addition of ligroin. Di(benzylcyclopentadienyl)di-ivon tetracarbonyl formed 
purple crystals, m. p. 151° (vac.) (4-74 g., 27%) (Found: C, 63-0, 63-3; H, 4-3, 4-1; O, 12-2. 
Cag ,O, Fe, requires C, 63-0; H, 4-2; O, 12-0%). 

1: 1’-Dibensylferrocene,—(a) The above product (II) (200 mg.) was heated at 180°/20 mm. 
for 90 min. Carbon monoxide was evolved and extraction of the black residue with ligroin 
yielded 1: 1’-dibensylferrocene (76 mg.) as yellow crystals, m. p. 102° (from ligroin) (Found : 
C, 786; H, 69. C,,H,,Fe requires C, 78-7; H, 61%). (b) To a solution of benzylceyclopenta 
dieny!-lithium prepared in ether {from benzylcyclopentadiene (3 g.) and methyl-lithium (0-02 
mole)} was added tetrapyridinium ferrous chloride (4 g.) and tetrahydrofuran (5 ml.). The 
mixture was stirred at room temperature overnight and then poured into cold dilute hydro- 
chloric acid to precipitate the product. This was purified by chromatography on alumina 
with ligroin as solvent and was identical in m. p. and mixed m. p. with the product described 
above 

Bensylcyclopentadienylivon Dicarbonyl F-omide (V).—To a stirred solution of the tetra- 
carbonyl! (11) (1-07 g.) in chloroform (40 ml.) under nitrogen, a solution of bromine (0-32 g.) in 
chloroform (20 ml.) was added dropwise during 20 min., with ice-salt cooling. Stirring of the 
cooled solution was continued for 3 hr, Most of the solvent was evaporated, and ligroin added, 
yielding red crystals of benzylcyclopentadienyliron dicarbonyl bromide (1-15 g., 83%), m. p. 82° 
(from chloroform -ligroin) (Found ; C, 48-4; H, 3-1. C,,H,,O,BrFe requires C, 48-5; H, 3-2%). 

Reaction of the Bromide (V) with cycloPentadienyl-lithium.—The bromide (V) (2-25 g.) was 
added to a stirred suspension of an equimolecular amount of cyclopentadienyl]-lithium (prepared 
from cyclopentadiene and phenyl-iitsiam) in ether (15 ml.) under nitrogen. Tetrahydrofuran 
(6 ml.) was then added dropwise during 30 min, Stirring was continued for a further 3 hr. 
After removal of the solvents under reduced pressure the oily residue was dissolved in a small 
volume of benzene. Onchromatography the solution was readily separated into an orange, weakly 
adsorbed band and a strongly adsorbed brown band, both of which were eluted with benzene. 
The solution obtained from the brown band on evaporation yielded the tetracarbonyl (I1) 
(0-85 ¢.). The eluate of the orange band was evaporated to dryness, and the residue dissolved 
in ligroin and again subjected to chromatography to separate a small yellow band affording 
crystals of m, p. 72°, presumably benzylferrocene (5 mg.), from the main orange band which 
was eluted with ligroin and evaporated to give the n-benzyleyclopentadienyl-o-cyclopentadieny] 
iron dicarbonyl (Via) (200 mg.) as a red oil which failed to crystallise at —78°. <A thin film of 
the oil spread on a rock-salt plate had infrared absorption max. in the carbonyl stretching 
region at 2007 and 1958 cm."'. 

When this oil (200 mg.) was redissolved in ligroin (30 ml.) and stirred under nitrogen at 
room temperature for 1 hr. with 35% aqueous hydrobromic acid (25 ml.) the colour 
passed completely into the aqueous layer, The product was extracted into chloroform, washed 
with sodium hydrogen carbonate solution, dried (Na,SO,), and evaporated to small bulk. On 
addition of ligroin and cooling, red crystals of benzyleyclopentadienyliron dicarbonyl bromide (V) 
(150 mg.), m. p, 78-80", separated. A single recrystallisation from chloroform-—ligroin raised 
the m. p. to 79-——-81°, alone or mixed with an authentic specimen. 

Reaction of cycloPentadienyliron Dicarbonyl Bromide (111; X = Br) with Benzylcyclo- 
pentadienyl-lithium,—Benzyleyclopentadiene (2-34 g.) was added to an ether solution (50 ml.) 
containing an equivalent amount of phenyl-lithium, under nitrogen. To the resulting suspen- 
sion of benzyleyelopentadienyl-lithium the bromide (III; X = Br) (3-87 g.) was added, followed 
by a mixture of ether (15 ml.) and tetrahydrofuran (5 ml.) dropwise with stirring during 1 hr. 
After a further 2 hours’ stirring the products were worked up as in the previous experiment. 
Besides small quantities of the tetracarbonyl (II) and benzylferrocene, o-benzyleyclopentadieny]- 
n-cyclopentadienyliron dicarbonyl (VIb) (~200 mg.) was obtained as a dark red oil, freezing 

1? Hobbs (to Du Pont), B.P. 733,129. 
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to orange crystals in carbon dioxide-acetone, A film of the oil absorbed at approx, 1992 and 
1941 cm. in the carbonyl stretching region. This substance decomposed slowly in air. When 
treated with hydrogen bromide as in the previous experiment, it yielded almost quantitatively 
the bromide (III; X = Br), m. p. 98—100° raised by one crystallisation to 102-—-104° unde- 
pressed on admixture with an authentic specimen. 

Benzylferrocene.—(a) The dicarbonyl (VIa), kept in air at room temperature for 4 days, 
decomposed completely. The ligroin-soluble fraction was chromatographed on alumina and 
yielded, apart from a small strongly adsorbed band which appeared to contain the tetra- 
carbonyl (IT) (but in insufficient quantity to permit isolation in a pure state), only a single 
yellow band from which benzylferrocene was readily obtained on elution with ligroin, The 
yellow crystals had m. p. 76°, undepressed on admixture with the product described below. 

(6) A mixture of dicyclopentadienyldi-iron tetracarbony! (1) (3-54 g.) and benzyleyclopenta- 
diene (6-24 g.) was heated in an autoclave at 170° for 3 hr. in carbon dioxide, The dark oily 
product was passed through an alumina column in benzene solution, and a yellow oil was 
recovered on evaporation of the solvent. This oil contained unchanged hydrocarbon and was 
separated by shaking its ether solution with benzoquinone and concentrated hydrochloric acid 
in order to convert the desired product into benzylferricinium chloride which passed into the 
aqueous layer. This was separated and immediately reduced back by addition of aqueous 
titanous sulphate. Extraction with ether and evaporation afforded the regenerated benzyl- 
ferrocene, m. p. 76° (Found : C, 73-8; H, 5-9. C,,H,,Fe requires C, 73-9; H, 58%). 

Triphenylphosphine-iron Tricarbonyl Iodide.—-lron tetracarbonyl iodide™ evolves only 
1 mol. of carbon monoxide when treated with excess of triphenylphosphine at room temperature, 
It is known * that only one carbonyl group is replaced by tripheny! phosphite under comparable 
conditions, To the iodide (4-22 g.), dissolved in the minimum quantity of ether, triphenyl- 
phosphine (2-62 g.) in ether was added dropwise during 30 min, with stirring. When gas 
evolution appeared complete (ca. 90 min.) the solvent was evaporated at room temperature, 
Triphenylphosphine-iron tricarbonyl iodide was obtained as reddish-brown crystals (61 g., 
93°) which were recrystallised from benzene-ligroin or, preferably, acetone-water. It decom- 
poses without melting above 116° and slowly evolves carbon monoxide in solution. Hence a 
completely pure sample was not obtained on crystallisation (Found: C, 39-4; H, 2-8. Cale, 
for C,,H,,0,1,PFe: C, 38-5; H, 23%). 

When this product (2-19 g.) in tetrahydrofuran (20 ml.) was added to cyclopentadienyl- 
sodium (from 0-48 g. of cyclopentadiene and 0-17 g. of sodium) in tetrahydrofuran (15 ml.) under 
nitrogen some gas was evolved. The mixture was stirred for 45 min., then the solvent was 
removed in vacuo and the benzene-soluble portion of the product chromatographed on alumina 
A single pale green band was obtained from which bistriphenylphosphineiron tricarbonyl,” 
m, p. and mixed m. p. 287° (vac.), was obtained on elution with benzene and crystallisation 
from the same solvent. 

This product also resulted when triphenylphosphine was heated in an autoclave with an 
equimolecular amount of the tetracarbony! (I) for 4 hr. at 170° or with the chloride (IIT) for 
3 hr. at 120°, or when triphenylphosphineiron tetracarbonyl was similarly heated with eyclo- 
pentadiene for 4 hr. at 170°. 


The authors are indebted to the University of Sheffield for the award of a Henry Ellison 
Fellowship to B. F, Hallam, 


Cuemistey Department, Tue Usiversiry, 
SHEFFIELD, 10. [Received, March 20th, 1956.) 
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589. The Reaction of Triphenyl Phosphite with the Halogens. 
By G. S. Harris and D. S. Payne. 


Conductometric studies in acetonitrile solution have shown that bromine 
reacts with triphenyl phosphite to yield three successive, distinct ionising 
systems. The composition corresponding to triphenyl phosphite dibromide 
produces the ions [P(OPh),Br}* and [P(OPh),Br,)~. Tripheny! phosphite 
dichloride has been shown to give strongly conducting solutions in aceto- 
nitrile, Data on the conductance of these solutions are reported. A study 
of the triphenyl phosphite-iodine system in acetonitrile has shown the 
existence of a di-iodide. 

The preparation of triphenyl phosphite tetrabromide is described. 


Appition compounds of trialkyl and triaryl phosphites with halogens, of the type 
(RO),PX,, have been mentioned in the literature from time to time,’ either as simple 
compounds or as reaction intermediates. No attempt has previously been made to show 
directly that any of these compounds exist under certain conditions as essentially ionic 
species, although this has been postulated in various reaction mechanisms.* In particular, 
the addition compounds of halogens with triphenyl phosphite have been well charac- 
terised.* The dichloride, dibromide, di-iodide, bromochloride, bromoiodide, and chloro- 
iodide have recently been prepared as crystalline solids.‘ These compounds can be 
considered as phenoxy-substituted phosphorus pentahalides. Their behaviour in an 
ionising solvent is important to the understanding of their participation in reactions in 
synthetic organic chemistry,‘ and also in relation to the known properties of the parent 
phosphorus pentachloride ® and pentabromide.* It should be made clear that conclusions 
based on observations of the behaviour of tripheny! phosphite with the halogens are 
unlikely to be directly applicable to the trialkyl esters. 

The electrolytic conductance of triphenyl phosphite dichloride in acetonitrile solution 
was measured under strictly anhydrous conditions, and the results are shown in the Table. 


Conductance at 25° of triphenyl phosphite dichloride in acetonitrile. 
€m (mole L~') 104 (Q>! em.) Ag (Q7 cm.* mole) ¢q, (mole L~*) 10% (Q™ cm."*) Ag {Q> em. mole) 
00074 75 100-8 0-0398 35-5 89-2 
0-0211 20:3 95-6 0-0570 42-1 73-8 
Pure solvent: « = 50 x 107 Q"' cm-". 


After a brief initial change whilst the solution reached the temperature of the thermo- 
stat bath, the conductance values were constant for 24 hr. The specific conductance had 
a positive temperature coefficient. In view of the sensitivity of these compounds to 
moisture, a special study of the conductance of the hydrolysis products, hydrogen chloride 
and triphenyl phosphate, was undertaken, Both these compounds gave weakly conducting 
solutions in acetonitrile (at 26° for hydrogen chloride, Ay = 0°14, ¢m = 0-0349; for tri- 
pheny! phosphate, Ag = 0-06, c, = 0-0986), and titration of one solution with the other 
did not increase the conductance. In accordance with these results it was observed that 
addition of minute traces of water led to a marked fall in conductance of the triphenyl 
phosphite dichloride solution. 

Values of molar conductance bear a linear relationship to the square-root of the 
concentration down to 0-006m. Below this value the results are unreliable, probably owing 
to the effect of traces of impurities in the solvent. An extrapolation of the curve obtained 
by plotting Am against 4/¢m gives an approximate value of the molar conductance at 


infinite dilution (Am, = 105). 


' Kosolapott, ‘' Organophosphorus Compounds,” Wiley, New York, 1950. 

* See, ¢.g., Gerrard, Green, and Phillips, J., 1954, 1145. 

* Noack, Annalen, 1883, 218, 85; Anschiitz and Emery, ibid., 1889, 253, 105; Autenrieth and Geyer, 
Ber, 1908, 41, 146; Anschiitz, Boedeker, Broeker, and Wenger, Annalen, 1927, 454, 71. 

* Coe, Landauer, and Rydon, J., 1954, 2281. 

* Payne, /., 1963, 1052. 

* Harris and Payne, unpublished work, 
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The reaction of triphenyl phosphite with bromine is conveniently studied by conducto- 
metric titration, since solutions of triphenyl phosphite and bromine in acetonitrile of known 
concentration are readily prepared. The apparatus used was designed so that the titration 
could be carried out on a small scale without the solutions’ coming into contact with tap- 
grease or atmospheric moisture. The result of a typical experiment is shown in the 
graph (Fig. 1). 

The shape of the curve can be interpreted in terms of three ionisation schemes involving 
different triphenyl phosphite-bromine ratios. The section AB shows a steep rise in the 
conductance up to B which corresponds to P(OPh),: Br, = 2:1. The solution during 
this stage of the titration remained colourless. We are indebted to Professor H. N. Rydon 
for the suggestion that at this mole ratio the system may be described in terms of the 
following equilibria : 

2P(OPh), + Br, <== P(OPh),Br + P(OPh),Br 
P(OPh) Br =e P(OPh),* + Br- 


Thus two molecules of triphenyl phosphite are required to give rise to a pair of ions, and 
the conductance of the system would accordingly rise continuously until the composition 
2P(OPh), + 1 Br, is attained. Additional evidence has been obtained from ion-migration 
experiments, which, although not completely unambiguous, tend to support the above 
scheme, and also by the isolation’ of P(OPh),Br and crystalline P(OPh),Br from a 
chlorobenzene solution of tripheny] phosphite and bromine in the mole ratio 2: 1, 

Further addition of bromine (BC) led to yellow coloration of the solution but 
to no change in conductance, a lack which can be attributed to the absence of a net 
change in the number of ions in the solution and can be interpreted in terms of the following 
equations which lead to the formation of tripheny! phosphite dibromide at the composition 
corresponding to C : 


({P(OPh),},8r,) + Br, ——t 2P(O7h),Br, <== [P(OPh),Br]’ + [P(OPh),Br,] 


In terms of the equilibria discussed for the 2:1 ratio, we must regard the formation of 
these ions as occurring through a series of stages which leads ultimately to a cation and an 
anion each possessing three phenoxy-groups attached directly to a central phosphorus 
atom. A further increase in the bromine—tripheny! phosphite ratio leads to the change 
CD, together with an intensification of the colour of the solution, These results are 
accounted for by the formation of a polybromide ion as shown by the scheme : 


2P(OPh),B8r, + 28r, —— 2P(OPh),Br, 


I : 


P(OPh) ,Br* P(OPh) Br’ 
aa t 
P(OPh) ,Br,~ t 2Br, —_ P(OPh) Br" ; 2Br, 


Popov and Skelly * have drawn attention to the strong tendency of halides to form 
polyhalide ions in acetonitrile and to the conductance of the resulting solutions. 

It has proved possible to isolate this tetrabromide as a yellow crystalline material, 
m. p. 105-—-106°, readily hydrolysed to bromine, hydrogen bromide, and tripheny! 
phosphate. Other polyhalides of general formula PX,Y, have been reported. In the 
phosphorus trichloride—bromine system Fialkov and Kuz’menko ® have isolated PC1,Br,, 
and Forsman and Lipkin ™ have obtained triphenyl phosphite tetraiodide, P(OPh),I,, 
from the triphenyl phosphite-iodine system. 

The molar conductance of the triphenyl phosphite dibromide is, as might be expected, 


’ Rydon and Tonge, following paper. 

* Popov and Skelly, /. Amer. re Soc., 1954, 76, 5309 

* Fialkov and Kuz'menko, Zhur. obshchei Khim., 1951, 21, 433 
 Forsman and Lipkin, J. Amer. Chem. Soc., 1953, 75, 3145 
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lower than that of the dichloride for the same concentration (¢.g., Au == 35-4, ¢m = 0-0110). 
The tetrabromide has a molar conductance of 99-5 at ¢, = 0-00904. 

To confirm the dibromide ionisation scheme, transport experiments were carried out 
on an acetonitrile solution containing triphenyl phosphite and bromine in the ratio corre- 
sponding to triphenyl phosphite dibromide. The apparatus used was a Hittorf type of 
cell, modihed to suit the requirements of the system under examination. 

In addition to the mode of ionisation of triphenyl phosphite dibromide postulated above, 


namely, 
2P(OPh) Br, <q (P(OPh),Brj* + (P(OPh),Br,)~. . . . « « (I) 


another mode is possible : 
P(OPh),Br, emit (P(OPh),Or}* + Br- . . 2 ww ee (2) 


Provided there is no loss of the products from the solution by deposition on the 


electrodes or evolution as a gas, it should be possible to distinguish these ionisation schemes 
by noting the electrolyte concentration changes occurring at the electrodes on electrolysis. 


Fie, 2. 


Fis, 1, 


10° K (ohw em”) 
_* a 


— | i 
ee os 10 


o> aie 2 J 


Mole ratio, Br,: (C,H,0),P Mole ratio, 1,:(C,4,0),P 


If Ar and AP represent increases in gram-atoms of bromine and phosphorus respectively 
occurring in the electrode compartments, and ¢, is the transport number of the cation at 
the concentration used, and x the number of faradays passed, then for ionisation (1), 

at cathode, ABr = x(4¢, — 3); at anode, APj= x(1 — 2t,) 


and for ionisation (2), 
at cathode, ABr == x(2¢, — 1); at anode, AP = —2t, 
It was found that ABr gave values for ¢, which were more acceptable if ionisation (1) 
was correct. The values obtained were ¢, = 0-59, 0-56 (concentration of solution ca. 


005m). During the electrolysis the cathode solution became colourless, whereas bromine 
was liberated at the anode, The following processes were occurring in the solution at the 


electrodes : 
At cathode : 
2[P(QPh),Br]* + 2e ——t [2P(OPh),Br] ——» [2P(OPh), + Br) 
Colourless mixture 


At anode: 
2[P(OPh) ,Br,]” — 2e ——t [2P(OPh),Br,] ——» 2P(OPh),Br, + Br, 
Yellow solution 
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A notable feature of the triphenyl phosphite-bromine-acetonitrile system is the 
lability displayed by the phenoxy-groups and the bromine atoms attached to the 
phosphorus. As a result of this, substantial changes in the concentrations of species 
present in the solution occur with slight changes of environment. 

An additional experiment in which an acetonitrile solution of phosphorus pentabromide 
was titrated conductometrically with a similar solution of phenol, showed that in aceto- 
nitrile solution the replacement of Br by OPh occurs readily. The resulting solutions 
containing P(OPh),Br,_, and hydrogen bromide showed inflections in the specific 
conductance—mole ratio (m) curve at whole-number ratios from 1 to 4. The solution, which 
was originally yellow, became colourless at a mole ratio between 3 and 4. 

The reaction of iodine with triphenyl phosphite in a conductometric titration produced 
the results shown in Fig. 2. The form of the graph shows that the system is quite different 
from the bromine-triphenyl phosphite system. As in the latter system, an inflection 
occurs at the | : 2 ratio, and in this case the solution at this stage is yellow-brown, A di- 
iodide, stable in solution, is also clearly indicated. The shape of the curve and the values 
of molar conductance (¢.g., Am == 46°55, ¢, = 0-0011) can be understood if the di-iodide 
ionises as follows : P(OPh),I, = [P(OPh),I}* +- I-. 

The tripheny! phosphite-iodine system has been investigated by Forsman and Lipkin,'” 
who were unable to isolate a di-iodide from benzene solutions of the components, but 
obtained both a tetra- and an ennea-iodide, which they consider to contain the common ion 
[P(OPh),I}*. 

The ionisation of the triphenyl phosphite dichloride has not been studied, but by 
analogy with phosphorus pentachloride and pentabromide,®* the ionisation may be 
considered to parallel that of the triphenyl phosphite dibromide, thus : 


2P(OPh),Cl, <p [P(OPh),Cl]* + [P(OPh),Cl,]- 


EXPERIMENTAL 


Materials.—The acetonitrile was purified essentially as by Smith and Witten’s method." 
Immediately before use the material was distilled in vacuo from ca, 0° to ~183°. This removed 
traces of phosphoric oxide which otherwise sublimed over during distillation from the desiccating 
agent at ordinary pressures. The purified material had a specific conductance of ca. 
107 &* cm.". 

Bromine was fractionated im vacuo and filled directly into ampoules. Triphenyl phosphite 
was purified by fractional distillation under reduced pressure (b. p. 180°/ca, 0-6 mm.), The 
triphenyl phosphite dichloride used (Found: Cl, 18-9, 1895. Cale.: Cl, 186%) was 
received from Professor H. N. Rydon. 

Solutions were prepared in a dry-box containing phosphoric oxide as desiccant. 

Conductance Experiments.—These were carried out in a pipette cell adapted in such a way 
that the solutions could be conveniently handled by a pressure-difference technique. The 
electrodes were made of smooth platinum, and the cell constant was 0-500 cm.. The cell and 
part of the filling system were immersed in a thermostat at 25°, and the conductance measure- 
ments made by using a Mullard conductance bridge (Type £7566). The concentrations of the 
solutions were determined by chemical analysis. Measured samples of the solutions were 
hydrolysed by sodium hydroxide solution, and the halide ion was estimated by Volhard’s 
method. 

Conductometric Titrations,—The apparatus used is shown in Fig. 3, The procedure employed 
was as follows. Before use the apparatus was baked at 120° for 4hr, The halogen solution of 
known concentration was prepared in a separate flask. To this the burette F (capacity 26 c.c.) 
was attached and filled by gentle application of reduced pressure through tap 7, (tap 7, was 
opened to a system of drying tubes). Tap 7, was then closed, and the burette attached to the 
main system which was arranged as shown in the diagram. Flask C (capacity 50 c.c.) initially 
contained a known volume (ca, 25 c.c.) of the triphenyl phosphite solution of known 
concentration. During titration tap 7, was permanently closed and tap 7, permanently open, 
Small additions of the titrant were made by opening tap 7, (the flow of liquid from the burette 


'! Smith and Witten, Trans. Faraday Soc., 1951, 47, 1304 
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was conveniently ‘ damped" by the very fine constriction £). Complete mixing was ensured 
by use of a magnetic stirrer D. To measure the conductance of the solution at each stage in the 
titration a sample was introduced through the capillary tube into the electrode chamber B by 
applying slightly reduced pressure through tap T,, The sample was held there by closing T,. 
After the conductance had been noted the sample was returned to the titration flask. 

A standard pair of smooth platinum dipping electrodes, A (area 1 cm.*, cell constant 
0-324 cm.), was used, The conductance was measured (by the Mullard conductance bridge 
previously mentioned’ when equilibrium had been attained after each addition of halogen 
solution 

Transport Experiments.-Solutions for electrolysis were prepared by the controlled mixing 
of standard solutions of bromine and triphenyl phosphite in acetonitrile. The electrolysis was 
carried out in a cell of the Hittorf type containing a middle compartment. The ceil was 
incorporated in a system which permitted manipulation 
of the solutions by pressure difference in a closed circuit. 
The electrodes consisted of coiled smooth platinum foil 
and each had a total surface area of 37-5 cm.* and their 
distance apart was about 40 cm. The bottom of each 
compartment terminated in a short thin-walled spindle 
which was easily broken when the compartments had to 
be emptied. In this way the halide solutions never came 
into contact with tap-grease. Before an experiment the 
apparatus was flamed out in vacuo. 

The cell was immersed in a well-stirred thermostat 
at room temperature. Current was supplied at 240 v 
by two high-tension batteries, and the amount of current 
passed was determined from the increase in weight of the 
cathode of a silver coulometer incorporated in the circuit. 
A sensitive milliammeter was also included in the circuit 
and during electrolysis the current recorded was 7-5 ma. 
After electrolysis the contents of the middle, cathode, 
and anode compartments were removed for analysis. 
Results were considered valid only if the middle solution 
varied negligibly in concentration from that of the 
original solution, 

Preparation and Analysis of Tvriphenyl Phosphite 
Tetrabromide.—An excess of bromine was added to 
triphenyl phosphite (0-005 mole) in ether solution, This 
produced a heterogeneous precipitate accompanied by the 
evolution of heat. The solvent, containing excess of 
bromine, was decanted off. The precipitate was dissolved 
in acetonitrile, in which it is very soluble. Ether was 
then added until a yellow crystalline precipitate was obtained. The solvent was decanted, and 
the crystals washed by decantation with ether until the ether was almost colourless, After the 
final decantation the residual solvent was removed under slightly reduced pressure. The 
product was a very hygroscopic yellow crystalline solid, m. p. (sealed tube) 106—106°. The 
yield was about 60%. 

Analysis was accomplished by hydrolysing the solid with sodium hydroxide solution in a 
closed system. The resulting solution was yellow and contained an insoluble white solid 
(tripheny! phosphate), The bromine was reduced to bromide by passing sulphur dioxide 
through the solution, The solid was then removed by filtration, and the solution acidified with 
dilute nitric acid. Carbon dioxide was then bubbled through the boiling solution to expel 
excess of sulphur dioxide. After cooling, the bromide-ion content of the solution was 
determined by Volhard’s method. 

Phosphorus was determined after oxidation of the tetrabromide with concentrated nitric acid 
and potassium permanganate.” After an initial precipitation as ammonium phosphomolybdate 
the phosphate was precipitated as magnesium ammonium phosphate and finally ignited to 
pyrophosphate which was weighed (Found: P, 4:94, 5-01, 5-08; Br, 49-07, 49-57, 50-24. 
CygH,,O,P Br, requires P, 4-92; Br, 50-76%). 


'* Marie, Compt. rend., 1899, 129, 766. 
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of the Compounds of Triaryl Phosphites and the Halogens. 


By H. N. Rypon and B. L. Tonce. 


The reaction between triphenyl phosphite and halogens has been shown 
to proceed in several stages, the first two of which may be represented as : 


(a) 2(PhO),P + Hal, ——» (PhO),PHal + (PhO),PHal 
(8) (PhO),PHal + (PhO),PHal + Hal, ——» 2(PhO),PHal, 


The second stage may be followed by exchange of cations and anions among 
the dimeric forms of the triphenoxy-dihalide with the formation of all or any 
of the possible phenoxy-halides, (PhO),,PHal, _ ,,. 

Studies of the hydrolysis and alcoholysis of various products prepared 
in this way, and by the action of phosphorus pentachloride on phenol, 
indicate that the phenoxy-chlorides and -bromides are the dimeric 
polyhalogenopolyphenoxyphosphonium polyphenoxy polychlorophosphates, t 
{(PhO),PHal, _ ,]* ((PhO),PHal, y)~. Or mixtures of such compounds, whereas 
the iodides are the monomeric phosphonium compounds, [(PhO),PI,_,)*I>. 


In 1883 Noack ! prepared triphenoxyphosphorus dibromide, (PhO),PBr,, by the addition 
of bromine to triphenyl phosphite. Since then, many aryloxyphosphorus halides of the 
general formula, (ArO),PHal,_,, have been prepared,* both by the addition of halogens to 
triary] phosphites, diaryl phosphorohalidites, or aryl phosphorodihalidites and by the 
action of phosphorus pentachloride on phenols. The earlier workers described most of 
these substances as oils or unstable liquids but, in 1954, Coe, Landauer, and Rydon * 
obtained six of the triphenoxyphosphorus dihalides or * tripheny! phosphite dihalides,” 
(PhO),PHal,, as crystalline solids, 

In continuing this work we had little difficulty in obtaining nine such compounds [viz., 
the six ‘‘ triphenyl phosphite dihalides,” (PhO),PHal,, where Hal, = Cl,, Bry, I,, BrCl, 
Cll, and Brl, and three “ tri-2 ; 6-xylyl phosphite dihalides,”’ { (2: 6-Me,C,H,O),PHal,, 
where Hal, = Cl,, Bry, and I,) as apparently well-defined crystalline solids, giving correct 
halogen analyses and having definite melting points. However, in attempts to prepare 
highly purified specimens of certain of these compounds for conductivity and X-ray 
crystallographic work, it became apparent that these compounds were less stable and more 
complex in structure than appeared at first sight. In particular, the halogen content 
frequently fell on repeated recrystallisation {¢.g., the dibromide, (PhO),PBr,, finally 
yielded a product appearing from analysis to be the tetraphenoxy-bromide, (PhO),PBr}, 
while treatment with water afforded appreciable quantities of phenol; abnormal hydrolysis 

* Part II, Coe, Landauer, and Rydon, Js 1954, 228) 

+t No authoritive nomenclature exists for ions of the type PY,~. The organic nomenclature makes 
no provision for such anions and we have accordingly used the tentative 1.U.P.A.C. inorganic 
nomenciature rules in this paper; we are indebted to the Editor for this suggestion. 
on! { In 2: 6-xylyl, etc., the point of attachment (to oxygen) is numbered | (cf. J., 1952, 6091, footnote 

1 Noack, Annalen, 1883, 218 

* Anschiitz and Emery, ibid., 1887, 239, 301; 1889, 253, 105; Autenrieth and Geyer, Ber., 1908. 
41, 146; Anschiitz, Boede er, Broeker, and Wenger, Annalen, 10927, 454, 71; Anschiitz and Wenger, 
ibid., 1930, 482, 25; yy Koenig, Otto, and Walbrecht, ibid., 1936, 525, 297; Anschiitz, Kraft, 


and Schmidt, ibid., 1939, 542, 1 
* Coe, Landauer, and Rydon, J., 1954, 2281 
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of the phenoxy-tetrachloride, PhO-PCI,, with the formation of triphenyl phosphate, was 
observed by Anschtitz, Koenig, Otto, and Walbrecht* but has been ascribed* to 
disproportionation accompanying the hydrolysis. It was clearly necessary to investigate 
more closely both the structures of these compounds and the course of the reactions by 
which they are formed from triaryl phosphite and halogens; the present paper is mainly 
concerned with these studies. 

It may be said at once that the reaction between tripheny! phosphite and one mol. of a 
halogen proceeds in two well-defined stoicheiometric stages; in the first, one mol. of 
halogen reacts with two of the phosphite and, in the second, a further mol. of halogen 
reacts with the products of the first stage. The first indication that this was so came from 
the conductometric experiments of Harris and Payne,® who found a marked discontinuity 
after one mol of bromine had been added to two of triphenyl phosphite in acetonitrile 
solution; their results further indicated that two ions had been formed at this stage and 
that no increase in the number of ions accompanied the addition of a further mol. 
of bromine. Investigation of the products formed from two mols. of triphenyl phosphite 
and one of bromine in chlorobenzene solution showed them to be diphenyl phosphoro- 
bromidite, (PhO),PBr, isolated by distillation and characterised as the anilide, 
(PhO),P*NHPh, and the tetraphenoxy-monobromide, (PhO),PBr, isolated as a crystalline 
solid giving the correct bromine analysis. Exactly similar results were obtained with 
chlorine and iodine and the reaction may be generalised, thus : 


2(PhO),P + Hal, ——» (PhO),PHal + (PhO),PHal . . . . . (i) 


In all three cases the solution remains colourless until this stage is reached, after which 
colour appropriate to the halogen develops. All three tetraphenoxy-halides may be 
prepared conveniently by this procedure; the iodide may also be prepared by treatment 
of the chloride or bromide with methyl iodide, ¢.g. : 


(PhO),PC1l + Mel —— (PhO),PI + MeC! 


These monohalides may have some advantages over the dihalides previously employed * 
lor the preparation of alkyl halides. 

The mechanism of reaction (i) is obscure. It seems probable that the dihalide is first 
formed and then exchanges one of its halogens for a phenoxy-group from a second phosphite 
molecule to yield the observed products, according to the following equations or their 
ionic equivalents : 


(PhO),P + Hal,—— (PhO),PHal, . . . +... + + (ia) 
(PhO),PHal, + (PhO),P ——» (PhO),PHal + (PhO),PHal . . . . (id) 


There is some evidence that the reaction between chlorine and diphenyl phosphorochloridite 
involves an analogous stage : 


SPO PCRS Ay a IT, + PEOTE 


There are numerous possibilities for the further reaction of the products of reaction (i) 
with halogen. In a solvent of sufficient ionising power the addition may take the following 
course in which, in agreement with the findings of Harris and Payne,’ there is no increase in 
the number of ions : 


(PhO),P)* + Hal- + (PhO),PHal + Hal, —» [(PhO),P}* + ((PhO),PHal,J- . . (iia) 
In a non-ionising solvent this second stage may take the covalent form : 
(PhO),PHal + (PhO),PHal + Hal, ——» (PhO),PHal + (PhO),PHal, . . (iid) 


Halogen transfer may then give rise to the ions [(PhO),P)* and ((PhO),PHal,)~ (cf. iia) or 
exchange of halogen and phenoxy (cf. ib) to the covalent form of the triphenoxy-dihalide, 


* Kosolapoff, '* Organophosphorus Compounds,”’ Wiley, New York, 1950, p. 328. 
’ Harris and Payne, preceding paper. 
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(PhO),PHal,. In either case the covalent triphenoxy-dihalide may be expected to be in 
equilibrium with all or any of the six possible ionic forms, viz., the monomeric 
|(PhO),PHal}* Hal~ and the five dimeric * forms ranging from {(PhO),P)}*|(PhO),PHal,)~ 
to [PHal,]*{(PhO),P}~. Exchange of anions and cations among these six compounds can 
give rise to other compounds containing less or more halogen than the dihalide, e.g. : 


((PhO),P}*{(PhO),PHal,)~ + ((PhO,)PHal,}*((PhO),PHal,)> —-» 
{(PhO),P]}*{(PhO),PHal,)~ + {(PhO),PHal,}*((PhO),PHal,)~ 


These again will be in equilibrium with others. The system may thus contain all or any of 
the 35 possible dimeric compounds of the generel formula {[PX,}*{PY,)}~ derived by 
combining any of the five cations : 


((PhO),P]+ ((PhO),PHal)* ((PhO),PHal,)* (PhO-PHal,}* (PHal,)* 
(1) (11) (111) (IV) (V) 


with any of the seven anions : 


([PHal,]~ (PhO-PHal,}~ ((PhO),PHal,} ((PhO),P'Hal,)~ 
(V1) (VII) (VILL) (IX) 


((PhO) ,PHal,}~ ((PhO) ,PHal} ((PhO),P! 
(X) (XI) (XI) 


and the ten possible monomers, [PX,}' Y~, derived by combining the cations (1)—(V) with 
the halide or phenoxide anions. The actual species present in solution will depend on such 
factors as temperature and concentration and on the ionising and solvating properties of 
the solvent, while solubility will play a major part in determining the nature of the solid 
phase separating from solution. It is thus not surprising that the reaction products of 
triphenyl phosphite and halogens, isolated in different ways, have mostly proved to be 
mixtures of several of the possible compounds in different proportions. 

The principal method we have used for the elucidation of the nature of the products, of 
empirical formula (PhO),PHal,_,, obtained by treating tripheny! phosphite with halogen 
and by the action of phosphorus pentachloride on phenol, has been the study of their 
hydrolysis; the material under investigation was treated with an excess of water, and the 
following hydrolysis products were determined: (i) halide ion, (ii) triphenyl phosphate, 
(iii) phenol, and (iv) hydrogen ion by titration to pH 3—5 (HHal, Ph,HPO,, PhH,PO,, and 
H,PO, all titrating as monobasic acids). 

The hydrolytic behaviour of the five possible cations, {(PhO),PHal,_,)*, is expressed in 
the following five equations : 


(I) + H,O —— (PhO),PO + PhOH + H* 

(11) + H,O ——» (PhO),PO + Hal- + 2H" 
(111) + 2H,O —~» (PhO),PO-O~ + 2Hal~ + 4H* 
(LV) + 3H,O ——@® PhO-PO(OH)-O~ + 3Hal~ + SH* 
(V) + 4H,O ——t H,PO, + 4Hal~ + 6H 


The hydrolytic behaviour of the ten possible monomeric compounds, [PX,)* Y~, is obtained 
by adding the appropriate anion (Hal~ or PhO”) to the two sides of these equations, while 
that of the 35 dimeric compounds, {[PX,}*{PY,|", is obtained by combining the equation 


* Experimental evidence for the occurrence of such dimeric ionic structures is presented later (p. 3049). 

+ The halogen-transfer reactions involved in the formation of these products are, of course, not 
likely to be encountered with the products from alkyl phosphites and halogens, since in these the electro- 
philic reactivity of the alkyl groups will generally lead preferentially to attack by halide ion, with 
consequent formation of alkyl halides (see, ¢.g., the earlier parts of this series**), 


* Landauer and Rydon, /., 1953, 2224 
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for the cation with one of the following, which express the hydrolytic behavior of the seven 
anions, |(PhO),PHal, _,|" : 


(VI) + 4H,O ——» H,PO, + 6Hal~ + 6H 
(VII) + 3H,0 —— PhO-PO(OH)-O~ + 5Hal~ + 5H* 
(VIII) + 2H,0 —— (PhO),PO-O~ + 4Hal- + 4H 
(1X) + H,O —— (PhO),PO + 3Hal~ + 2H* 
(X) + H,O —— (PhO),PO + PhOH + 2Hal- + Ht 
(XI) + H,O ——» (PhO),PO + 2PhOH + Hal 
(XII) + 2H,0 ——» (PhO),PO + 3PhOH + OH- 


It should be noted that several structures show identical behaviour on hydrolysis. 

The experimental yields of the various hydrolysis products were then compared with 
those calculated for various binary mixtures of the ten possible monomeric compounds and 
for similar mixtures of the 35 possible dimeric compounds, the product under consideration 
being concluded to be that mixture for which the sum of the squares of the differences 
between theory and experiment was minimal; an abbreviated calculation for one typical 
case is set out in the Appendix (p. 3055). In nearly every case one mixture fitted the 
results better than any other, but it must be emphasised that the conclusions reached in 
this way represent strong probabilities rather than certainties, and that only binary 
mixtures have been considered. 

The results of the hydrolysis experiments for the various phenoxy-chlorides, 
(PhO), PCl,_», are collected in Table 1; in this and the other similar Tables the molecular 
weight is that read off from the curve relating the molecular weight of the dimeric com- 
pounds to the halogen content. 

The three specimens (preparations 1, 2, and 3) of the tetraphenoxy-monochloride are 
clearly all the same; recrystallisation led to no change in chlorine content and there is 
every indication that they are three specimens of a single compound. The results of 
hydrolysis agree well with those calculated for [(PhO),P}*{(PhO),PCI,)~ or the hydro- 
lytically indistinguishable [(PhO),PCI}* ((PhO),PCI}~, ((PhO),P}*Cl- ,or[(PhO),PCI}* (PhO); 
the last structure may be ruled out as highly improbable but further evidence is needed 
to distinguish between the other three. It is noteworthy that this compound is apparently 
present m the mixture (preparation 6) obtained by treating triphenyl phosphite with 
chlorine (1 mol.) in the absence of diluent. 

The marked difference between the two random samples (preparations 4 and 5) of the 
crude triphenoxy-dichloride from triphenyl phosphite and chlorine without diluent clearly 
show this to be a mixture; the hydrolysis figures for the bulk sample (preparation 6) are in 
best agreement with either a mixture of {(PhO,)P}*{(PhO),PCI,}~ {or its hydrolytic 
equivalent {(PhO),PCI)*((PhO),PCI,|"} and [(PhO),P}*(PhO-PCI,|~ {or its hydrolytic 
equivalent {PhO-PCl,)*((PhO),PCI,|"} in the molar ratio 47:53, or a mixture of 
[((PhO),P)}*{((PhO),PCI,)~ {or its equivalents [(PhO),PCI}*((PhO),PCI)~, [(PhO),P)*Cl-, 
and {(PhO),PCl)*(OPh}~} and ((PhO),PCI)*(PhO-PCI,}~ {or ([PhO-PC],}*{(PhO),PCI,)~} in 
the molar ratio 48:52. The figures for preparation 4 agree fairly well with the latter 
mixture in the modified molar ratio 58; 42, but those for preparation 5 do not agree 
satisfactorily with those calculated for any binary mixture. 

The dichloride prepared in n-hexane appears to be less heterogeneous, the mean 
figures for the two samples (preparations 7 and 8) agreeing quite well with those 
calculated for a mixture of either [(PhO),P)*{(PhO),PCl,)~ or ((PhO),PCI,}* {((PhO),PCi,)~ 
and {(PhO),PCI}*{(PhO),PCl,|~ or {((PhO),PCI)*CI- in the molar ratio 2:1. Precipitation 
of this material from ethylene dichloride with ether (preparation 9) or equilibration in 
acetonitrile (preparations 10 and 11) gives very similar products which differ little from the 
material (preparation 12) prepared from triphenyl phosphite and chlorine in aceto- 
nitrile; the mean hydrolysis figures for these four products are in good agreement 
with those calculated for an equimolecular mixture of {(PhO),P)}*'((PhO),PC1,]~ {or the 
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equivalents {(PhO),PCI}*((PhO),PCI)-, aor é Cl, and [(PhO),PCi)*(OPh]~} and 
{(PhO),PCI)*(PhO-PCl,|- {or [PhO-PCl,}*{(PhO),PCl,)"} or a similar mixture of 
((PhO),PC1)*((PhO),PCl,}~ {or [(PhO),PC1)*Cl-} and |PhO-PCl,|'{(PhO),PCl)~, The 
figures for the phenoxy-chloride prepared from phosphorus pentachloride and 3 mols, of 
phenol (preparations 13 and 14) show this to be a complex mixture. 


TABLE 1. Hydrolysis products of phenoxy-chlorides, (PhO),PHal, _ ,. 
’ Hydrolysis products (mol,) 
Method of prepn. . J ck (PhO),PO PhOH 

2(PhO),P + Cl, in PhCl: 

Crude product P 2. 1-06 1-08 

Recryst. from C,H,Cl,~PhCl , 2: 1-97 1-08 
4PhOH + PCI, : 

Crude product 
(PhO),P + Cl, without diluent : 

Random sample | 


Kandom sample 2 
Bulk sample 


(PhO),P +. Cl, in n-hexane :; 
Sample 1 
Sample 2 
oo from C,H,Cl, with Et,O 
ept in MeCN for 10 min, .........++. 
Kept in MeCN for 24 hr. 
(PhO),P 4- Cl, in MeCN : 
Pptd. with Et,O 
3PhOH + PCI, 
Pptd. from ¢ 4H «Cl, with Et,O 
Recryst. from ch 


(PhO),PCl + Cl, without diluent : 
Crude product 
(PhO),PCI + Cl, in n-hexane : 
Recryst. from PhCl 
Pptd. from PhCl with Et,O 
(PhO), PCI + Cl, in MeCN : 
Pptd. with Et,O 


2PhOH + PCl,: 
Recryst. from C,H,Cl, 


PhOH + PCl,: 
Crude product 20 , 526 
Pptd. from C,H,Cl, with Et,O 3: 530 
Recryst. from C,H,Cl, 53° 529 


Apart from the preparation (No. 15) from dipheny! phosphorochloridite and chlorine 
without diluent, which is slightly deficient in chlorine, all the preparations (Nos. 16, 17, 18, 
and 19) of the diphenoxy-dichloride are closely similar. Results of hydrolysis, however, 
show clearly that ort are mixtures, oh ing excellently with those calculated for a 
mixture of ((PhO),P]*(PCI,]~ {or [PCI,)*[(PhO),PCI,)~ and [(PhO),PCI)"|PhO-PCl,)~ {or 
[PhO-PCI,}'{(PhO),PCI,)~} in the molar ratio 2 : 1. 

The three specimens of the phenoxy-tetrachloride (preparations 20, 21, and 22) 
are again closely similar. These, too, are mixtures, results of hydrolysis agreeing 
excellently with those calculated for an equimolecular mixture of [(PhO),PC1)*(PCl,)~ {or 
[PCI,}* {(PhO),PCl,}~} and [PhO-PCI,}* [PCl,|~ for [PC1,)*|PhO-PC1,)~}. 

Among the preparations so far described only one pure compound, v1z., 

[(PhO),P)}* [(PhO),PCI,]~ (or its equivalents), has been encountered. All the other prepar- 
ations are mixtures, and microscopic examination, especially in polarised light, shows the 
presence in them of more than one type of crystal. Limited success has attended attempts 
to isolate pure compounds by hand-sorting and by fractional crystallisation. 

By such procedures, pure specimens of {(PhO),P)*{(PhO),PCI,)~ {or the hydrolytically 
indistinguishable {[(PhO),PCI)*|(PhO),PCI,}~}, one of the probable components of the crude 
triphenoxy-dichloride prepared from triphenyl phosphite and chlorine, and of 
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((PhO),P}'(PCl,)~ {or the hydrolytically indistinguishable [PCI,)*((PhO),PCI,|~}, one of 
the compounds probably present in the diphenoxy-trichloride prepared from diphenyl phos- 
phorochloridite and chlorine, have been obtained from crude triphenoxy-dichloride prepared 
from phenol and phosphorus pentachloride. The compound {(PhO),P)*{PhO-PCI,|~ {or 
the hydrolytically indistinguishable [PhO-PCI,}*{(PhO),PCI,|~}, another probable com- 
ponent of the crude triphenoxy-dichloride from triphenyl phosphite and chlorine, has 
been obtained similarly from crude diphenoxy-trichloride. 

Data on the hydrolysis of the colourless tetraphenoxy-bromide and the yellow tri- 
phenoxy-dibromide are collected in Table 2. The three monobromide preparations 
(Nos. 24, and 25) are clearly identical; the hydrolysis results indicate that they are all 
specimens of the single compound ((PhO), P}*{(PhO),PBr,)~ {or the hydrolytically 
indistinguishable [(PhO),PBr)*'[(PhO),PBr)~ (PhO) P)*Br-, or [(PhO),PBr}*(OPh}-}, 
which is a component of the triphenoxy- ‘dibromide. The dibromide shows some tendency 
to react further with bromine to form orange perbromides and to lose bromine on warming 
or exposure to high vacuum, Both preparations (Nos. 26 and 27) of the dibromide are 
clearly the same; results of hydrolysis agree well with those calculated for a mixture 
of [(PhO),P)'{(PhO),PBr,|)~ {or [(PhO),PBr}*{(PhO),PBr}~ or [(PhO),P)*Br-} and 
(PhO), PBr|'(PBr,)~ {or [PhO-PBr,}*((PhO),PBr,)~} in the molar ratio 52:48; this 
mixture is similar to one of those suggested for the crude triphenoxy-dichloride. 


TABLE 2. Hydrolysis products of phenoxy-bromides, (PhO),PBrs _ ». 
Hydrolysis products (moles /mole) 


Prep. Br 
(PhO),PO PhOH Ht 


Method of prepn, no (%) M Lr 

2(PhO),P Gr, in PhCl: 
Crude product 23 16-4 966 1-96 1-98 2-00 2-00 
Recryst, from C,H,Br 24 16-5 966 1-97 1-08 1-99 2-00 
Fractl. cryetn, of 26 from PhCl 25 16-9 965 1-99 1-96 1-96 2-00 


(PhO),P + Br, without diluent : 
Crude product . 26 33° 942 


(PhO),P + Br, in MeCN ; 
Pptd. with Et,O 27 33-2 943 3°89 1-47 1-08 4:42 


3-90 D7 1-12 


The reaction between triphenyl phosphite and iodine follows a rather different course 
from that with the other two halogens. At low temperatures the normal first stage [as 
equation (i)| is followed by a normal second stage : 


((PhO),P]*I- + (PhO),PI + 1, —— 2{(PhO),PIJ*I1- 
but as the temperature is raised this is replaced by the alternative : 
((PhO),P}'I- 4+ (PhO),PI 4+ I, ——» [(PhO),PI)*I,~ + (PhO),P 


which is the sole reaction at 60°. The periodide, {(PhO),PI)*I,~, is also formed 7 by the 
action of iodine on the di-iodide, [((PhO),PI}*I-. All three products, viz., tetraphenoxy- 
phosphonium iodide, iodo(triphenoxy)phosphonium iodide and iodo(triphenoxy)phos- 
phonium tri-iodide,? have been isolated in the pure state and their structures have been 
confirmed by the usual hydrolytic procedure, For steric reasons dimeric structures of the 
[PX,)'[PY,)~ type have not been considered in the iodine series; this view is supported 
by the preliminary results of an X-ray crystallographic investigation of the periodide now 
in progress in these laboratories.® 

The choice between the monomeric, [PX,}* Y~, and dimeric, {[PX,}*[PY,]~, structures is 
not quite so obvious for the chlorides and bromides. The classical work of Clark, Powell, 
and Wells *° showed crystalline phosphorus pentachloride to be the dimer, [PCl,)*[PCI,}~, 
and Payne '® has shown that this form is also present in the electrically conducting solutions 
of phosphorus pentachloride in several solvents. Crystalline phosphorus pentabromide, 


’ Forsman and Lipkin, J. Amer. Chem. Soc., 1953, 75, 3145. 
* Bartindale and Farrow, personal communication. 

* Clark, Powell, and Wells, /., 1942, 642. 

Payne, J., 1963, 1062, 
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however, has been shown" to be the monomer, [PBr,)'Br~, while the nature 
of the ions present in its conducting solutions is undecided.* There can be no 
reasonable doubt that the various phenoxy-chlorides should be assigned dimeric structures, 
{(PhO), PCI, _,]*[(PhO),PCl,_,)~, since, not only do the large majority of the hydrolysis 
results fail to give satisfactory agreement with those calculated for binary mixtures of 
monomers of the type [PX,]* Y~, but two of the four pure compounds of this series isolated 
in the course of the present work, viz., {(PhO),P}*{(PhO),PC1,}~ and [(PhO),P}*[(PhO-PC1,}- 
are stoicheiometrically incapable of formulation as monomers. The latter type of 
stoicheiometric evidence is not available for the phenoxy-bromides, but failure to obtain 
satisfactory agreement between the observed hydrolysis results for the triphenoxy- 
dibromide and those calculated for mixtures of monomers leads us to conclude 
that the phenoxy-bromides likewise have dimeric structures of the general formula, 
[(PhO),PBr, _,}*[(PhO),PBr, _ ,}~. 

The hydrolytic experiments so far described do not always lead to unambiguous 
conclusions regarding structure, since, as has already been pointed out, several isomeric 
structures may behave identically on hydrolysis. Certain of these ambiguities may be 
resolved on the basis of alcoholysis experiments. For this purpose, the halide under 
investigation was equilibrated in anhydrous acetonitrile and then treated with 2 mols. of 
propan-l-ol.t When reaction was complete, an excess of water was added, and the product 
analysed by the same procedure as was used in the simple hydrolysis experiments; the 
amount of alkyl halide produced was estimated by difference. The results of these 
experiments are summarised in Table 3. 


TABLE 3. Alcoholysis of phenoxy-halides, (PhO),PHal,_ ,. 


Products (moles /mole) 


- 

Empirical formula of halide fial (PhO),PO PhOH Ht Rial 
(PhO), PCI 0-00 1-98 1-97 0-00 2-00 
(PhO),PCl, 2-12 2 1-06 2-46 1-88 
(PhO), PCI, 4-20 1-04 0°66 524 1-80 
PhO-PCl, 576 0-44 6-00 7:24 2°24 
(PhO), PBr 0-00 1-97 1-97 0-00 2-00 
(PhO), PBr, ....... obecccdeotedenee peccveecseesceosess 1-92 1-49 1-08 2-35 2-08 


The mechanism previously advanced *® for the action of the phenoxy-halides on 
alcohols requires modification in the light of the dimeric ionic structures now established 
for these compounds. Reaction of compounds of the general type [PX,)'{PY,]~ with an 
alcohol is most reasonably regarded as involving attack on the oxygen atom of the alcohol 
by the cation, and attack on the alkyl group of the alcohol by one of the nucleophilic 
halogen atoms of the anion; these processes may be simultaneous : 


X,P ° R Y—PY, —» X,P--OH + RY + PY, 


or successive : 


* Since this work was completed, Dr. D. S. Payne has informed us that unpublished work with 
Mr. G. S. Harris shows that, in acetonitrile, phosphorus pentabromide ionises largely as (PBr,)*(PBr,)~ ; 
we are much indebted to Dr. Payne for his courtesy in making this information available to us in advance 
of publication 

+ Less satisfactory results were obtained with methanol, possibly owing to the difficulty of ensuring 
the absence of all traces of water, and with butan-1l-ol, owing to interference with the analytical procedure. 


11 Powell and Clark, Nature, 1940, 145, 971; van Driel and MacGillavry, Rec. Trav. chim., 1943, 
62, 167 


3050 Rydon and Tonge : 


but in either event the optical inversion observed ** with optically active secondary 
alcohols is accounted for. The process will be completed by loss of HX from the 
hydroxylated cation : 
X,P-OH —~» X,P=0 + HX 

This general mechanism, which may be regarded as an extension of both our earlier 
mechanism and Gerrard’s “ end-on ” mechanism ™ for the action of phosphorus penta- 
chloride on alcohols, has been used in formulating the reaction of the first mol. of alcohol in 
the alcoholysis experiments; the reaction of the second mol. and of the water has been 
assumed to involve normal hydrolysis of X,P=O and PY,, with the exception that one mol. 
of hydrogen halide is replaced by one of alkyl! halide if either X,P=O or PY, contains the 


necessary halogen atom. 

For the tetraphenoxy-monochloride and -monobromide, two dimeric structures are 
possible (cf, pp. 3046 and 3048). The expected alcoholysis products are thus either those 
resulting from the reactions : 

((PhO),P)}*{(PhO),PHal,]- + ROH ——& (PhO),PO + PhOH + RHal + (PhO),PHal 
(PhO),PHal + ROH ——t RHal + (PhO),PO + PhOH 


i.¢., the overall reaction 


((PhO),P)}*{(PhO),PHal,)}~ 4+ 2ROH —— 2/PhO),PO + 2PhOH + 2RHal 
or those resulting from the alternative reactions : 


(PhO),PHal}*((PhO),PHal]~ 4+ KOH —~» (PhO),PO + HHal + RHal + (PhO),P 
(PhO),P + H,O —~» (PhO),PO + 2PhOH 


i.¢., the overall reaction 
((PhO),PHal}*((PhO),PHal)~ + ROH + H,O — HHal + 2(PhO),PO + 2PhOH + RHal 


Keference to Table 3 shows that only the first alternative agrees with the experimental 
findings. We therefore conclude that both tetraphenoxy-monohalides are the tetra- 
phenoxyphosphonium tetraphenoxydihalogenophosphates, {(PhO),P)*{(PhO),PHal,}~. 

The alcoholysis results eliminate only one of the possible components of the mixtures 
which may, on the basis of the hydrolysis experiments, make up the acetonitrile-equilibrated 
triphenoxy-dichloride, The expected products from the possible components of one of 
these mixtures are those of the reactions : 


((PhO),P)}*{(PhO),PCl,)~ + 2ROH ——» 2(PhO),PO + 2PhOH 4 2RCI 
((PhO),PCI}*{(PhO) ,PCI)- + ROH 4+ H,O —® HCl + 2(PhO),PO + 2PhOH + RCI 


iPro ,PCI}*(PhO-PC1,}> 
or + ROH + H,O ——»> 4HCl + (PhO),PO + PhO-PO(OH), + 2RCI 

lpno-r 1,)'((PhO),PCI,) | 

of which the first two are alternatives. Only an equimolecular combination of the first and 

the third reaction could lead to products {2 mols. Cl-, 1-5 mols. (PhO),PO, 1 mol. PhOH, 


2-5 mols, H*, and 2 mols, RCI) in reasonable agreement with the experimental findings. 
The same mixture would result from equimolecular combination of the two reactions : 


((PhO),PCI}'{(PhO),PCl,)}- + 2ROH —— 2HCl + 2(PhO),PO + 2RCI 


(PhO-PCI,)*((PhO),PCI}~ + 2ROH + 2H,0 —» 
2HCl + (PhO),PO + 2PhOH + PhO-PO{OH), + 2RCI 


which correspond to the components of the alternative possible mixtures. 
In the cases of the tri- and tetra-chlorides, the alcoholysis results confirm the conclusions 


* Gerrard, J., 1946, 741. 
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drawn from the hydrolysis experiments but throw no further light on the structures of the 
components of the mixtures involved. For the trichloride the relevant equations are : 


((PhO),P}*(PC1,)- 
or + 2ROH + 3H,0 —» 4HCI + (PhO),PO + PhOH + H,PO, + 2RCI 
[PC1,)*[(PhO),PCI,)~ 
[(PhO),PCl}* (PhO-PC1,)~ 
or + 2ROH + 2H,O —» 4HCI + (PhO),PO + PhO-PO(OH), + 2RCI 
[PhO-PCI,}*((PhO),PCI,)~ 


A 2:1 mixture would be expected to give 4 mols. of chloride ion, 1 mol. of tri- 
phenyl phosphate, 0-67 mol. of phenol, 5 mols. of acid, and 2 mols. of alkyl chloride, in 
reasonable agreement with the experimental findings. Similarly, the equations for the 
tetrachloride are : 


[(PhO),PCI}*[PCl,}~ 
or + 2ROH + 3H,O ——» 5HCI + (PhO),PO + H,PO, + 2RCI 
(PCl,}*[((PhO),PCI,)~ 


[PhO-PCI,}*[PCI,}~ 
or + 2ROH + 56H,O —» 7HC! + PhO-PO(OH), + H,PO, + 2RCI 
(PCI,}*{PhO-PCI,}- 


leading to products [6 mols. Cl-, 0-5 mol. (PhO),PO, 7:5 mols. H*, and 2 mols, RCI) in 
reasonable agreement with those found experimentally. 

The alcoholysis experiments with the dibromide allow of a partial discrimination 
between the possibilities emerging from the hydrolysis experiments. The case is the same 
as that of the first possible mixture for the dichloride and the same reasoning leads to 
the elimination of [(PhO),PBr]*[(PhO),PBr]~ as a possible component. 


TABLE 4. Structures and compositions of phenoxyphosphorus halides. 
(a) Pure compounds. 
Empirical Prep. 


formula no, Structure Name 
(PhO),PCI 1, 2,3 [(PhO),P}*{(PhO),PC1,)~ Th tetra- 
enoxyd phosphate 

(PhO) 4PCly {(PhO),P]*{(PhO),PCI,]~ * OT eeaiiieeienton tri- 
pheno lorophosphate 

(PhO) 4PCl,y [(PhO),P)}*([PhO-PCI,)}~ * Teumphononyphouphoals m phenoxy- 
pentachlorophosphate 

(PhO), PCI, -  [(PbO),P)}*{PCI,}~ * a hexa- 
chlorophos 

(PhO), PBr * oe {(PhO),P}*[PhO),PBr,}~ mer mo 1 tetra- 
phenoxydibromophosphate 

(PhO),PT Te Tetraphenoxyphosphonium iodide 

(PhO),PI, = {lenole Ph lodotriphenoxyphosphonium iodide 

(PhO),PI, (PhO +t +I,~ lodotriphenoxyphosphonium tri- 
iodide 


(b) Mixtures. 
Empirical 
formula ponents * 
(PhO), PCI,)~ ; (33 P}*(PhO-PCI 
(PRO) FC, : nd ole ah Hino} ‘PhO 
8 (PhO),PCI}*| (PhO) - 
PhO *PCI 4. ((PhO)»PCI}*{ PhO-PCI,) , 
(PhO), PCI, 16, i7, i8, {(PhO ; ar iy pany PhO-PCI,}~ 


PhO-PCI 20, 21, 22 (PhO, PhO-PCI,}*(PCI,]- 
(PhO),PBr, 26,27 = (Pho mt fl Phd) Pe PROS ace *{(PhO),PBr,)}~ 
. ote Ki 


Our conclusions regarding the structures and compositions of the various products 
obtained in the course of our work are collected in Tabie 4. Conclusions shown without 
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comment are those which follow unequivocally from the experimental results. Those 
shown as ‘’ probable ” are our choice between the alternatives which remain after all the 
experimental facts have been taken into consideration; in making this choice for the 
chlorides we have always preferrred structures in which there is a preponderance of chlorine 
in the anion, since this seems to us a reasonable basis for discrimination. In the case of the 
triphenoxy-dibromide, however, we have rejected the structure [(PhO),PBr]*{PhO-PBr,}~ 
on the basis of the relative stereochemical difficulty of accommodating five bromine atoms 
in the anion. 

We have also prepared tri-2 : 6-xylyloxy-dihalides from tri-2 : 6-xylyl phosphite and 
chlorine, bromine, and iodine. Although these have not been fully investigated the 
high yield of tri-2:6-xylyl phosphate obtained on hydrolysis indicates that the 
dichloride is chlorotri-2 : 6-xylyloxyphosphonium _ tri-2 : 6-xylyloxytrichlorophosphate, 
[(Me,C,H,°O),PCI)~[(Me,C,H,°O),PCI,|~ ; the di-iodide is almost certainly iodotri-2 : 6- 
xylyloxyphosphonium iodide, [(Me,C,H,*O),PI)*I-, but the nature of the dibromide is 


uncertain. 


EXPERIMENTAL 


Rigid exclusion of moisture is essential in handling the various aryloxy-halides and manipul- 
ations were carried out in a dry-box; all solvents were rigorously dried before use, M., p.s are 
of little diagnostic value and were not generally determined; in cases where they were, the 
procedure was to transfer the finely powdered halide, under light petroleum (b. p, 40—-60°) in a 
closed system, to a capillary tube; the light petroleum was then removed under reduced 
pressure, and the tube sealed before the m. p. was determined in the usual manner. 

For the hydrolyses, the halide (ca, 500 mg.) was weighed in a dry, tared flask; water (50 ml.) 
was then added by means of a stoppered funnel, the whole system being closed. After being 
kept, with occasional shaking, for a minimum of 4 hr., the precipitated triphenyl phosphate was 
collected quantitatively on a sintered-glass crucible, washed with water, and dried to constant 
weight (over P,O,) in vacuo at room temperature. The filtrate and washings were made up with 
water to 600 ml. Aliquot parts of this solution were then taken for the determination of halide 
ion, gravimetrically as silver halide, hydrogen ion, by titration to pH 3—65 either by use of 


screened Congo-red or potentiometrically, and phenol, colorimetrically by the method of Folin 
and Ciocalteu.4 

For the alcoholyses, the halide, weighed in a dry flask as before, was treated with sufficient 
dry acetonitrile to effect solution and left for 4 hr, at room temperature. A 20% solution of 
propan-1-ol (2 mols.) in dry acetonitrile was then added at ca. — 10°, and the reaction allowed to 
proceed at room temperature for | hr. Water (50 ml.) was then added, and the same procedure 
followed as in the hydrolysis experiments. 


Phenoxy-chlorides, (PhO),,PC1, _ ,. 


Tetraphenoxy-chlovide, (PhO),PCl,—(a) Chlorine (7-1 g., 0-1 mole) was passed into a stirred 
solution of triphenyl phosphite (62 g., 0-2 mole) in chlorobenzene (25 ml.) cooled in an ice-salt 
bath. A white solid separated during the reacticn and was finally completely precipitated by 
addition of dry ether (750 ml.); recrystallisation of this product (preparation 1) from chloro- 
benzene-ethylene dichloride (1:1) afforded tetraphenoxyphosphonium tetraphenoxydichloro- 
phosphate (preparation 2) as plates (Found: Cl, 82. C,.H,,O,Cl,P, requires Cl, 8-1%); 
hydrolysis results are recorded in Table 1 and alcoholysis results in Table 3. 

Evaporation of the original filtrate and distillation of the residue yielded diphenyl phosphoro- 
chloridite (20-5 g., 82%), b. p. 170—173°/11 mm., n? 1-5602 (Noack * gives b. p. 172°/11 mm.). 
This ester, in dry ether, was treated with aniline (2 mols,), also in dry ether; filtration from 
precipitated aniline hydrochloride, evaporation, and two recrystallisations from benzene 
afforded diphenyl N-phenylphosphoramidite (80% yield), m. p. 56—57° not depressed on 
admixture with a specimen prepared similarly from authentic diphenyl phosphorochloridite 
(Found: N, 44, C,sH,,O,NP requires N, 4-5%). 

Butan-l-ol (7-4 g., 0-1 mole) was added slowly to the tetraphenoxy-chloride (43-8 g., 
0-05 mole) with stirring and cooling. After an hour, n-butyl chloride was distilled under 
reduced pressure into a trap at —60°; solution of the distillate in ether, followed by washing, 
drying, and distillation of the extract, afforded butyl chloride (8-44 g., 91%), b. p. 76—80°, n? 


* Folin and Ciocalteu, J. Biol. Chem., 1927, 78, 627. 
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1-4015. The residue from the initial distillation was shaken with 2n-sodium hydroxide (100 m1.) ; 
the insoluble triphenyl phosphate (30-7 g., 99%) was filtered off and washed with water; 
acidification of the filtrate afforded phenol, which was converted into 2: 4: 6-tribromophenol 
(32-6 g., 98-56%), m. p. 91—94°, 

(b) Phenol (37-6 g., 0-4 mole) and phosphorus pentachloride (20-8 g., 0-1 mole) were heated 
together at 120° for 4hr. The cooled product was washed with ether until it solidified and then 
pumped out at 20 mm. for 4 hr. to remove ether and hydrogen chloride. Analytical data for 
this preparation (No, 3) are recorded in Table 1. 

Triphenoxy-dichlorides, (PhO),PCl,.—-(a) Chlorine (7-1 g., 9:1 mole) was passed slowly 
(30 min.), with stirring, into ice-cooled tripheny! phosphite (31 g.; 0-1 mole), The resulting, 
very pale green solid was broken up and kept at room temperature for 2 hr.; preparations 4 and 5 
are random samples of this material. The bulk sample (preparation 6) was obtained by 
powdering the remainder of the product under dry ether and removing the ether by decantation 
and then under slightly reduced pressure at 40°. Analytical data for these preparations are 
recorded in Table 1. 

A sample of the crude material (8 g.) was treated at room temperature with propan-1-ol (3 g.). 
The product was treated with an excess of 2n-sodium hydroxide and extracted with ether; 
evaporation of the washed and dried extract afforded tripheny! phosphate (4-9 g., 1-5 mol.), m. p. 
and mixed m, p. 46—48° after recrystallisation from aqueous ethanol, Acidification of the 
alkaline extract, followed by extraction with ether, afforded phenol (0-95 g., 1-0 mol.), 

(b) Chlorine (7-1 g., 0-1 mole) was passed slowly into a well stirred, water-cooled solution of 
triphenyl phosphite (31 g., 0-1 mole) in n-hexane (250 ml.). The very pale green solid product 
was washed with several 250-ml. portions of ether and finally dried at room temperature under 
reduced pressure and powdered. Analytical data for two samples of this product (preparations 
7 and 8) are given in Table 1, as also are those for the preparation (No. 9) obtained from it by 
addition of an excess of ether to a solution in the minimum of cold ethylene dichloride, and for 
solutions in the minimum of dry acetonitrile kept at room temperature for 10 min, (preparation 
10) and 24 hr. (preparation 11). Alcoholysis data are in Table 3. 

(c) Chlorine (7-1 g., 0-1 mole) was passed into a stirred mixture of triphenyl phosphite 
(31 g., 0-1 mole) and acetonitrile (15 ml.), cooled in ice-salt. After 10 min., ether (500 ml.) was 
added, and the precipitate washed with ether and dried under reduced pressure; analytical data 
for this preparation (No, 12) are given in Table 1. 

(d) Phenol (28-2 g., 0-3 mole) was heated at 100° for 4 hr. with phosphorus pentachloride 
(20-9 g., 0-1 mole). The cooled product, which solidified after being washed thoroughly with 
ether, was dissolved in ethylene dichloride and precipitated by addition of ether; the last traces 
of hydrogen chloride were removed from this preparation (No, 13) at 15mm. A portion of this 
material (10 g.) was dissolved in hot chlorobenzene (20 ml.). On slow cooling, the pale green 
solution deposited colourless crystals (ca, 3 g.) which were collected, washed with ether, 
and dried in vacuo (preparation 14), Analytical data for these preparations are given in 
Table 1. 

Diphenoxy-trichlorides, (PhO),PCl,.—(a) Chlorine (3-5 g., 0-05 mole) was passed slowly 
(30 min.) into stirred, cooled diphenyl phosphorochloridite* (12-6 g., 0-06 mole), The pale 
yellow solid was washed with ether and dried under reduced pressure, Analytical data for this 
preparation (No, 15) are given in Table 1. 

(6) Chlorine (3-5 g., 0-05 mole) was passed slowly into a stirred, ice-cooled solution of diphenyl 
phosphorochloridite (12-6 g., 0-05 mole) in n-hexane (200 ml.), The solid product was washed 
well with ether, dried under reduced pressure, and dissolved in warm chlorobenzene, Prepar- 
ation 16 is the crystalline solid which separated from this solution on slow cooling, while 
preparation 17 is the product precipitated from the mother-liquor by excess of ether; analytical 
data for both are in Table 1, 

(c) Chlorine (3-5 g., 0-05 mole) was passed for 40 min. into a stirred solution of diphenyl 
phosphorochloridite (12-6 g.) in acetonitrile (10 ml.) at —10°. The product (preparation 18) was 
precipitated by adding ether (200 ml.), washed well with ether, and dried under reduced 
pressure; analytical data are given in Table 1. 

(d) Phenol (37-6 g., 0-4 mole) and phosphorus pentachloride (41-8 g., 0-2 mole) were heated 
together at 110° for 4 hr. The product was washed with ether until it solidified and then 
recrystallised from hot ethylene dichloride, washed with ether, and dried in vacuo; analytical 
data for this preparation (No. 19) are given in Table 1. 

Phenoxy-tetrachloride, PhO»PCl,,—Phenol (9-4 g., 0-1 mole) and phosphorus pentachloride 
(20-8 g., 0-1 mole) were heated together at 100° for 5 hr. The cooled solid product was washed 
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with ether (4 x 250 ml.) and dried at 20mm. Analytical data for this preparation (No. 20) are 
given in Table 1, as also are those for a preparation (No. 21) obtained by adding excess of ether 
to a solution in ethylene dichloride, and another (preparation 22) obtained by slow crystallisation 
from ethylene dichloride. 

Pure Phenoxy-chlorides.—(a) Tetvaphenoxyphosphonium triphenoxytrichlorophosphate, Crude 
triphenoxy-dichloride (preparation 13) (10 g.) was dissolved in the minimum of warm ethylene 
dichloride, and the solution set aside for 6 days. A large bipyramidal crystal (36 x 15 mm.), 
which separated from the solution, was removed, washed with ether, and dried im vacuo and 
proved to be the pure salt (Found ; Cl, 13-4. Cy H,y,O0,Cl,P, requires Cl, 13-0%); the structure 
follows from the hydrolysis products {Found ;: Cl~, 3-09; (PhO),PO, 1-93; PhOH, 0-99; H*, 
301, ((PhO),P}*{(PhO),PCI,)~ requires Cl~, 3-00; (PhO),PO, 2-00; PhOH, 1-00; H*, 3-00 mols.}. 

(b) Letraphenoxyphosphonium phenoxypentachlorophosphate. Crude diphenoxy-trichloride 
(preparation 18) (10 g.) was dissolved in the minimum of ethylene dichloride and the solution set 
aside for 2 days. Numerous small rhombohedra could be clearly distinguished from the other 
crystals and were separated by hand under a dissecting microscope, washed with ether, and dried 
under reduced pressure, Analysis showed the salt (Found: Cl, 256-0. C,,H,,O,CI,P, requires 
Cl, 25-2%) to have the structure assigned {Found on hydrolysis: Cl~, 4-96; (PhO),PO, 1-01; 
PhOH, 0-99; H*, 610, {(PhO),P)*(PhO*PCI,)}~ requires Cl-, 5-00; (PhO),PO, 1-00; PhOH, 1-00; 
H*, 6-00 mols.}. 

(c) Tetraphenoxyphosphonium hexachlorophosphate. Phosphorus pentachloride (20-8 g., 
0-1 mole) and phenol (18-8 g., 0-2 mole) were heated together at 100° for 5hr. The product was 
washed with ether, dried in vacuo, and dissolved in the minimum of ethylene dichloride-chloro- 
benzene (1:1). The supernatant liquid was decanted from the mass of small crystals which 
separated on cooling and carefully overlayered with ether. After two days a number of 
hexagonal plates were separated by hand from the other crystals and were washed with ether 
and dried in vacuo, The salt (Found: Cl, 31-9. CygHO,Cl,P, requires Cl, 32-8%) was shown 
by hydrolysis to have the assigned structure {Found ; Cl~, 5-83; (PhO),PO, 1-00; PhOH, 0-95; 
H’', 7-03. [(PhO),P)'[PC1,}~ requires Cl-, 6-00; (PhO),PO, 1-00; PhOH, 1-00; H*, 7-00 mols.}. 


Phenoxy-bromides, (PhO), PBr; _ ,. 


Tetraphenoxy-bromide, (PhO), PBr.—(a) Bromine (16 g., 0-1 mole), in chlorobenzene (25 ml.), 
was added slowly, with efficient stirring, to an ice-cold solution of triphenyl phosphite (62 g., 
0-2 mole) in chlorobenzene (100 ml.), The deposited white solid was collected by filtration, 
washed with ether (4 x 200 ml.), and dried in vacuo. Recrystallisation of this product 
(preparation 23) from hot ethylene dibromide afforded pure tetraphenoxyphosphonium tetra- 
phenoxydibromophosphate (preparation 24) (Found: Br, 16-5, C,,H,O,Br,P, requires Br, 
16-6%,), the structure following from the nature of the hydrolysis products (Table 2). 
Alcoholysis data are in Table 3. 

The original filtrate, worked up as described for the corresponding chloride, afforded diphenyl 
phosphorobrormidite (20 g., 67-56%), b. p. 131-—135°/0-156 mm., n® 1-6003 (lit. b, p. 189— 
192°/11 mm.), characterised by conversion into diphenyl N-phenylphosphoramidite (80% 
yield), m. p. and mixed m, p, 56-—57° after recrystallisation from benzene. 

(6) Crude triphenoxy-dibromide (preparation 26) was twice crystallised from hot chloro- 
benzene, and the product (preparation 25) washed with ether and dried in vacuo; for analytical 
data see Table 2. 

Triphenoxy-dibromide, (PhO), PBr,.—(a) Bromine (16-0 g., 0-1 mole) was added, with stirring, 
during 30 min. to water-cooled triphenyl phosphite (31 g., 0-1 mole); analytical data for the 
resulting solid (preparation 26) are recorded in Table 2. 

(b) Bromine (8-0 g., 0-06 mole) was added, with stirring, during 1 br. to a mixture of tripheny! 
phosphite (16-5 g.; 0-05 mole) and acetonitrile (10 ml.), Ether (250 ml.) was added, and the 
precipitated yellow solid washed with ether and dried under slightly reduced pressure at 0°; 
hydrolysis data for this preparation (No. 27) are given in Table 2 and alcoholysis data in Table 3. 


Phenoxy-iodides, (PhO),PI, _ ,,. 
Tetvaphenoxyphosphonium Iodide.—(a) A solution of iodine (12-7 g.) in chloroform (100 ml.) 
was added slowly, with stirring, to triphenyl phosphite (31 g., 0-1 mole). When about 10%, 
(0-005 mole) of the iodine had been added, the solution became yellow and the addition was 


'* Strecker and Grossmann, Ber., 1916, 49, 63. 
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stopped. Ether (500 ml.) was then added, and the precipitated iodide collected by filtration, 
washed with ether, and dried in vacuo (Found: I, 23-4. C,,H,,O,IP requires I, 23-56%); the 
structure is established by the nature of the hydrolysis products {Found : I~, 0-99; (PhO),PO, 
0-99; PhOH, 0-99; H*, 1-00. [(PhO),P)*I~ requires I~, 1-00; (PhO),PO, 1-00; PhOH, 1-00; 
H*, 1-00 mol}. 

(6) The tetraphenoxy-chloride (preparation 12) (5 g.) was heated under reflux for 5 min. 
with methyl iodide (10 ml.) and ethylene dichloride (3 ml.). The resulting brown solution was 
allowed to cool to room temperature and then overlayered with ether. After 4 hr., the long, 
colourless, flat prisms of the iodide were collected, washed well with ether, and dried in vacuo 
{[Found: I, 23-2. Hydrolysis products: I~, 0-985; (PhO),PO, 0-995; PhOH, 0-955; H’, 
1-00 mol.}. 

Iodotriphenoxyphosphonium Iodide.—lodine (25-4 g., 0-1 mole) was stirred at room temper- 
ature with triphenyl phosphite (31 g., 0-1 mole); the mixture solidified after 24 hr. and was then 
washed with light petroleum (b. p. 60—-80°), Several recrystallisations from chlorobenzene at 
temperatures below 60° gave the iodide as small dark brown rhombs, m, p. 68-—69° (Found : 
I, 46-2. C,,H,,0,1,P requires I, 45-0%); the structure is established by the nature of the 
hydrolysis products {Found : I~, 2-03; (PhO),PO, 0-92; PhOH, 0-00; H*, 2-03. [(PhO),PI)'I~ 
requires I~, 2-00; (PhO),PO, 1:00; PhOH, 0-00; H*, 2-00 mols,}. 

lodotriphenoxyphosphonium Tri-iodide.-Recrystallisation of crude iodotriphenoxyphos- 
phonium iodide (above) from hot chlorobenzene afforded the tri-iodide ? as dark-red plates, m. p. 
76—78° {Found : I, 62-2. Cale. for C,,H,,0,1,P: I, 62-2%. Hydrolysis products: I~, 2-00; 
(PhO),PO, 0-98; PhOH, 0-00; H*, 1-96; free I,, 0-97. Cale. for ((PhO),PT}*I,~: I>, 2-00; 
(PhO),PO, 1-00; PhOH, 0-00; H*, 2-00; I,, 1-00 mol.}. 


Halides from Tri-2 : 6-xylyl Phosphite. 

Tri-2 : 6-xylyl Phosphite.—2 ; 6-Xylenol (280 g., 1-9 mole) and phosphorus trichloride (89 g., 
0-6 mole) were heated together on the steam-bath for 24 hr. Removal of hydrogen chloride and 
unchanged xylenol (40 g., b. p. 70—100°/1 mm.) left a solid which recrystallised from n-hexane, 
affording the phosphite (118 g., 50%), in rhombs, m. p, 83-—~84° (Found: C, 72-7; H, 6-8. 
CyH,,O,P requires C, 73-1; H, 69%); a further 19 g. (8%) was obtained from the mother- 
liquor, 

Chlorotri-2 : 6-«ylyloxyphosphonium Tri-2 : 6-xylyloxytrichlorophosphate.—Chlorine (3-6 g., 
0-05 mole) was passed slowly into a stirred solution of tri-2 ; 6-xylyl phosphite (19-7 g., 0-05 mole) 
in light petroleum (b. p. 100-—-120°). The solid product was washed with ether (2 x 100 ml.) 
and recrystallised from warm chlorobenzene, affording the salt as needles, m. p, 124—-125° 
(Found: Cl, 14-8. C,,H,,O,Cl,P, requires Cl, 15-25%). Hydrolysis of the salt (4-6 g.) with 
2n-sodium hydroxide yielded fri-2 : 6-xylyl phosphate (4-0 g., 98%), m. p. 134--136°, raised to 
137-5—-138-5° by recrystallisation from light petroleum (b. p. 60-—-80°) (Found; C, 69-9; H, 
6-8. C,H,,O,P requires C, 70-2; H, 66%). 

lodotri-2 : 6-xylyloxyphosphonium Iodide,-lodine (6-4 g., 0-025 mole) was added to tri-2 : 6- 
xylyl phosphite (10 g., 0-025 mole) in light petroleum (b. p. 60--80°) (100 ml.), and the mixture 
refluxed for 24 hr, The crystalline product was washed with light petroleum and ether and 
recrystallised from chlorobenzene, affording the iodide, probably contaminated with some 
tri-iodide, as black shining rhombs, m. p. 90—-93° (Found: I, 42-1. C,H,,O,I,P requires 
1, 39-2%). 

APPENDIX 

Deduction of the Composition of Phenoxy-halides from their Hydrolysis Products,—The 
procedure used is illustrated below for the triphenoxy-dibromide (preparations 26 and 27). 

Mean hydrolysis figures: Br~, 3-90; (PhO),PO, 1-52; PhOH, 1-10; H*, 4-44 moles/mole, 

A table was constructed showing the calculated values for all binary mixtures of monomers 
or of dimers giving ca. 3-90 mols. of Br~ and for those binary mixtures of isomerides giving 
4-00 mols. of Br~ which also give 1-52 mols. of (PhO),PO or 1-10 mols, of PhOH. The following 
is a much abridged version of this table showing only the three best cases for the monomers 
and the six best cases for the dimers. All calculations are based on double molecules (i.z., 
[PX,)*[PY,)~ or 2(PX,)*Y~). XA* = sum of squares of differences between calculated and 
experimental values. 

Entries 44a and 62a are those for Nos. 44 and 62 so adjusted as to minimise LA’; 
any adjustment of No, 33 increases ZA*; no adjustment of Nos. 97, 98, and 99 can reduce LA* 
below 100. 


Bateman, Cunneen, and Ford : 


Components 
ene me] 
A B 


Hydrolysis products (mols.) 
Br- (PhO),PO PhOH Ht 


Molar 
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[1}* Br 
or [ID)*(OPh} 

fit)* Br 

(I) (xt}~ 

or (11)*(XIT 
[X1 


; 


{I 
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1)*(X)}- 
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or (11)*{X1}~ 


OE am 
SEV) Br 
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0-68 


0-42 


0-55 
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0-52 


: 0-32 
0-76: 
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: 0-58 


0°24 
0-25 


: 0-48 
10-45 


10-48 
0-45: 
0°48 
0-53 : 


0-55 


0-47 


3°92 
3°92 
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3-92 
3-90 
4:00 
4-00 


4-00 
3°88 


1-36 
1-52 
0-50 
1°26 


1-04 
1-00 
0-96 
1-10 


0-96 
1-06 


1-36 
4-40 
4°50 
4:48 


4-40 
4°35 
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4°55 


4-48 
4°35 


or [1V)}*{LX)}~ 
(1y*(Vi)~ 0-53 : 
or (IV) *{X) ‘ 


or fI0}* (XI) 


(ryt. x} O47 3-04 100 4-4 


Clearly No, 44a is by far the best fit and it is therefore conluded that the di- 
mixture of [(PhO),P]*((PhO),PBr,)~ for [(PhO),PBr)*{(PhO),PBr}~} and 
PhO-PBr,)~ {or [PhO*PBr,}*[(PhO),PBr,}~} in the molar ratio 53 : 47. 


bromide is a 
((PhO),PBr} 
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591. Oxidation of Organic Sulphides. Part VII.* The Mechanism 


of Autoxidation of But-2-enyl Methyl Sulphide, Methyl 1-Methyl- 
but-2-enyl Sulphide, and n-Butyl Methyl Sulphide. 
By L. Bateman, J. 1. Cunneen, and J. Forp. 


The products of autoxidation of the sulphides named in the title have 
heen identified and estimated quantitatively. The relative proportions of 
sulphoxide, water, and dimethyl disulphide vary widely. The yield of 
sulphoxide is independent of the extent of oxygen absorption in the saturated 
sulphide, but decreases as reaction proceeds with the allylic sulphides, 
markedly so with the dimethylailyl methyl sulphide, 

These and related observations can be correlated on the basis of a reaction 
mechanism comprising (1) a free-radical chain reaction producing a hydro- 
peroxido-sulphide, (2) interaction of this compound with the original sulphide 
to form sulphoxide and hemithioacetal, and (3) decomposition of the hemithio- 
acetal and, in the unsaturated sulphide systems, the sulphoxide. The extent 
and nature of the last stage appear responsible for the major differences in 
the three systenis. A reaction mechanism incorporating these features and 
consistent with other data on autoxidation reactions and hydroperoxide- 
sulphide interactions is presented. 

Attempts to prepare but-2-enal dimethyl thioacetal always gave the 
isomeric 1 ; 3-dimethylthiobut-1l-ene. 


ALLyLic sulphides react with oxygen at first autocatalytically, then at an apparently 
steady rate which soon decreases and, in general, gives way to auto-inhibition when only a 
smal] fraction of a mol. of oxygen has been absorbed.4 Only for cyclohex-2-enyl methy] 
sulphide have the products of reaction been investigated? This work has now been 
extended to allylic acyclic sulphides, which more nearly resemble ordinary vulcanized 
rubber,® where such reactions are of great technological importance. 


* Part VI, Hargrave, Proc. Roy. Soc., 1956, A, 2865, 55. 

* Bateman and Cunneen, J., 1955, 1596, 

* Bateman and Shipley, /., 1955, 1996. 

* Bateman, Glazebrook, Moore, and Saville, Proc. 3rd Internat 
1964, p. 298 
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But-2-enyl methyl sulphide, selected first for detailed study, reacts less readily than 
the cyclohexenyl analogue, and absorbs about 5 mol. °, of oxygen during 5 hr, at 75°, 
after which absorption becomes much slower.!. About 41°, of the absorbed oxygen was 
present in sulphoxide groups at this stage, and formation of water was evident from the 
opacity of the reaction mixture. Chromatography of the dried solution on silica gel 
separated the original sulphide and dimethyl disulphide from oxygenated products, but 
did not appreciably resolve the latter. Distillation of the total reaction mixture at 14 mm. 
gave, without noticeable decomposition, a volatile fraction (unchanged sulphide, dimethyl 
disulphide, water, but-2-enal, and a small amount of a saturated carbonyl compound), 
together with an involatile residue (A). Analyses of the latter indicated an approximate 
formula C,H gOS, #.e., but-2-enyl methyl sulphoxide, but the sulphoxide content was only 
about half that required for this identity. The complex infrared spectrum indicated the 
presence of hydroxyl and vinylic C-S groups as well as sulphoxide, Partition between 
light petroleum, water, and methanol gave an essentially oxygen-free and sulphoxide-free 
product (B) in the petroleum layer, and an extract in the water-methanol layer which, 
after isolation and counter-current distribution between ether and water, furnished pure 
but-2-eny! methyl sulphoxide (in the water) and a hydroxylic compound (C) (in the ether), 

After further purification, the product (B) gave correct analyses for CgH,,5,, and was 
first believed to be the thioacetal CHMe?;CH*CH(SMe),. However, its spectroscopic 
properties were incompatible with this structure, and pointed to its being the methylthio- 
substituted vinyl’ sulphide, MeS*CHMe-CH:CH-SMe. Attempts to synthesize the thio- 
acetal from but-2-enal and methanethiol by the procedure used by Hall and Moore * for 
the diethyl analogue gave a product virtually identical with (B) in respect of analysis, 
refractive index, and spectroscopic properties. Thus either allylic thioacetals, under the 
reaction conditions, spontaneously undergo an anionotropic-type displacement of a methyl- 
thio-group (the driving force being development of vinylic sulphide conjugation), or attack 
of a thiol on the hemithioacetal precursor CHMe:CH-CH(OH)-SMe proceeds by an 
“abnormal ” (Sy2’) substitution ® rather than at the thio-substituted saturated carbon 
atom (this type of reaction being favoured in systems where the substituent is a neutral 
molecule ®). 

The nature of the unstable product (C) has not been conclusively established but it is 
almost certainly the hemithioacetal. Attempts to isolate it gave but-2-enal whose 2: 4- 
dinitrophenylhydrazone was obtained in good yield from the involatile residue (A) after 
removing free aldehyde at 10° mm. and then adding Brady's reagent in the cold. Owing 
to thermal decomposition of the hemithioacetal more crotonaldehyde and dimethyl 
disulphide were formed on distillation under atmospheric pressure at 140° (bath-temp.) 
than under 14 mm. at 50° (bath-temp.). The ready breakdown of other hemithioacetals 
into aldehyde and thiol on heating has been reported 7 ** and has been confirmed for 
CH,Me-CH,*CH(OH)SMe, which was synthesized and found to decompose slowly into 
butanal, methanethiol, water, and more complex products even at room temperature. 

Quantitative Estimation of the Oxidation Products.-The following product composition 
was determined at an oxygen uptake of 1-56°%, by weight, 86°, of the absorbed oxygen being 
accounted for : 

H,O CHMe-CH-CHO = CHMeiCil-CHySOMe CHMe:CH-CH(OH)SMe 


reagents of oxygen 
absorbed (wt. %) ... 16 17 4) 12 


Dimethyl! disulphide and | ; 3-dimethylthiobut-1-ene were formed to the extent of 0-23 and 
0-26 mole per mole of oxygen absorbed. 

Course of the Reaction.—Earlier work shows that autoxidation of allylic sulphides is a 
complex free-radical chain reaction initiated by abstraction of a hydrogen atom from the 


* Hall and sen FE 1949, 2723 

* Hughes, Trans. Faraday Soc., 1938, 94, 185 

* Young, Webb, and Goering, {/. Amer. Chem. Soc., 1951, 78, 1076. 
7 Schubert, {; Biol. Chem., 1936, 111, 671; 1936, 114, 341 

* Kipnis and Ornfelt, J. Amer. Chem. Soc., 1952, 74, 1952 

* Levi, Gazzetta, 1932, 62, 775. 
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methylene group activated by both the double bond and the thio-substituent.! The 
resulting radical then combines with oxygen to give a highly reactive peroxide, which 
appears to oxidize the parent sulphide to sulphoxide and, in reduced form, to undergo 
scission at the C-S bond to oxygenated olefins and disulphides.* Information about 
the secondary reactions has recently come from studies of the reaction of hydroperoxides 
with organic sulphides,4%™4 

Unlike saturated sulphides, which react with hydroperoxides under various conditions 
strictly according to reaction (1), 

K,5 + R’O,H —— R,50 + R/OH ay ere 


allylic sulphides do so only in hydroxylic solvents or other special circumstances..." In 
organic solvents the yield of allylic sulphoxide is generally much less, and other products, 
such as water and disulphide, are then formed. The secondary reactions involve, as 
reactants, sulphoxide, hydroperoxide, and sulphide,“ to extents which vary for different 
sulphides; they lead to disulphide, water, and unknown products. The yields of 
sulphoxide obtained on autoxidation and on reaction with hydroperoxide from a series of 
compounds run parallel (Table 1). It is therefore concluded that similar secondary 


TABLE 1. 
Yield of sulphoxide (%) 


On reaction with ButO,H On autoxidation 


Sulphide in C,H, at 50° * at 75° ¢ 
CHMeCH-CHM@S*Bu® oo ccccccscceccesereereecees 2 5 
CHMG CH *CHMeS:Me o...r0ccccccccevccecsssceseees 4 5-5 
CH CH CHMO@S B®  cissccccccscsceccecceesecveees 15 6-5 
syle C Sh AONE jniaibililintiiihcoemptsanienssienss 21 13 
CHMeCH CH SMO vessessersseeseseseerseeseeeneee 28 22 
CHPHICH-CHyS*Bu® cecesecsesserceeseceonenseeees 47 ‘4 


* In respect of both oxygen atoms in the hydroperoxide, on complete reaction with excess of 


sulphide 
+t After 24 hours, whereafter reactions are all auto-inhibited, 


reactions occur in both cases. It would then be expected (a) that the yields of sulphoxide 
should approach the theoretical in the early stage of oxidation and fall later as the 
sulphoxide first produced decomposes in secondary reactions, and (b) that addition of 
sulphoxide initially should result in the decrease in yield occurring at an earlier stage of 
oxygen absorption. Both these features have been observed (Figs. 1 and 2). 

It is considered therefore that the overall autoxidation comprises three stages: (1) 
peroxidation of the sulphide by a free-radical chain reaction; (2) hydroperoxide~-sulphide 
interaction to produce sulphoxide; and (3) decomposition of the primary products. 
Earlier reaction schemes ! can thus be defined more precisely as follows (where R is vinyl) : 


Stage | CH,R-SMe ——» CHR-SMe Chain-initiation 


*CHR’SMe + O, ——& ‘OyCHR’SMe 
OyCHR-SMe + CH,R*SMe ——t HO,yCHR’*SMe + ‘CHR‘SMe 


Stage 2, HOyCHR-SMe + CH,R-SMe ——p» HO-CHR-SMe + CH,R‘SOMe 


} Chain-propagation 


Stage 3. HO-CHR-SMe + CHR‘SOMe — Me,S,+H,O+etc. ©... « « ss @) 
HO-CHR:‘SMe ——» R-CHO + MeSH ee ee 
HO-CHR-‘SMe + MeSH —~pm MeS‘CHR”CH:CH-SMe + H,O . . . . (8) 


Since inhibition by substances such as quinol shows that the reaction chain of stage 1 is 
long,’ chain-termination is insignificant in the present context. The reactions shown for 
stage (3), although not determined exactly, provide plausible routes to the final products. 
Reaction (3) is advanced in part by analogy with that for hydroperoxide, but the 


© Bateman and Hargrave, Proc. Roy, Soc., 1054, A, 224, 389, 399. 
'' Barnard, /., 1056, 480 
' Hargrave, Proc, Roy. Soc., 1966, A, 235, 55. 
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hemithioacetal, rather than the hydroperoxide, is considered to be involved because 
(a) hydroperoxide groups react very readily in stage (2) and thus are found only in very 
small amounts in the product mixture at any time, and (5) heating either the total oxid- 
ation product or the involatile residue (A) (p. 3057) (which contains hemithioacetal but not 
hydroperoxide) causes decomposition of sulphoxide with the formation of disulphide 
and water. 

On this reaction scheme, the final product composition will be determined by the 
extent to which the products of stage (2) participate in stage (3) and this is expressed by 
the extent to which less than 50% of the absorbed oxygen is found as sulphoxide. If for 
each 6 molecules of the hydroperoxide-sulphide and the sulphide which interact in 
stage 2, two molecules of the hemithioacetal engage in each of the reactions (4) and (5), 
and one in reaction (3), a product composition can be derived which agrees with experiment 


Fic. 1. Decrease in yield of sulphoxide during 
autoxidation of but-2-enyl methyl sulphide at 


Oxygen absorbed (/fmote) 


A, Sulphoxide added initially (61%). 


20r B. No addition, 


75°. 
5° 50 Fic. 2 
& va ‘16,2. Effect of added sulphoxide on sulphoxide 
‘ oOo content of autoxidised but-2-enyl methyl sulphide. 
° “> ey | ae 
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(Table 2). The significance of this agreement clearly depends on the wider validity of the 
derivation, and two other sulphides, distinctively different from but-2-eny! methyl 
sulphide in certain autoxidation characteristics, have therefore been examined. 


TABLE 2. 
Molar proportions 
Product Found Cale. 
CHM CH OOM So cccccecstitebcdelidecviesedbestccsidececs 10 10 
CHMe:CH-CHO ............... Od 0-4 
TLD \ dt ic rcrdiveddnctecdiveneves 0-39 0-6 
CliMe-SMe-CH:CH-S-Me 0-31 0-4 
CHMe:CH-CH (OH) -S*Me 0-29 0-2 
Sia O  cocesceshidhnhhdertetainadadmiiademiesddialiiess 0-27 0-2 


Methyl 1-methylbut-2-enyl sulphide is oxidized more readily than the but-2-enyl 
homologue (cf. the n-butyl homologues *) until the inhibitory process stops the reaction at 
an oxygen uptake of ca. 3-8% (at 75°). The yield of sulphoxide is much lower, only 10%, 
of the oxygen being thus combined at an uptake of 1-6°%/,, as compared with 41%, in but-2- 
enyl methyl sulphide. This indicates the increased importance of stage 3 and greater 
instability of the sulphoxide, in conformity with the low sulphoxide yield in the corre- 
sponding sulphide-hydroperoxide reaction (Table 1). This is strikingly shown in the 
decrease in yield of sulphoxide as oxidation proceeds (Fig. 3), which is more marked than 
with but-2-enyl methyl sulphide yet shows the same feature of extrapolation to nearly the 
“ theoretical "’ value (i.¢. stage 3 absent) at zero uptake. 


—— = a  —— —_ a a i ce — —-- re - = 
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The products contain different ratios of sulphoxide :; water : dimethyl disulphide as 
compared with the but-2-enyl system, viz., 1-0: 2-5: 2-6 instead of 1-0: 0-39:0-27. The 
ratios calculated as above for a sulphoxide yield of 10%, and on the assumption of complete 
decomposition of the hemithioacetal (1.¢., for maximum yields of water and dimethyl 
disulphide) are 1; 4-5; 4-0, which again expresses the essential experimental results. The 
reversal in the relative yield of sulphoxide to the scission products is thus explained semi- 
quantitatively. 

The influence of sulphoxide decomposition can be directly examined in the autoxid- 
ation of saturated acyclic sulphide since the derived sulphoxide does not undergo secondary 
decomposition in the sulphide~hydroperoxide reaction," 1.¢., stage 3 is absent. Experi- 
ment confirms this. 

Although »-butyl methyl sulphide does not autoxidize by itself, it does so readily in the 
presence of azoisobutyronitrile.! In marked contrast to the unsaturated sulphides, the 
yield of sulphoxide, 31%, is constant throughout the reaction (Fig. 3) and is not influenced 
by the addition of n-butyl methyl sulphoxide initially, The products (with 88% of the 
absorbed oxygen accounted for) contain much water, but, again in contrast to the methyl 
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1-methylbut-2-enyl sulphide system, little dimethyl disulphide.* This confirms the 
kinetic characteristics in indicating that n-butyl methyl! sulphoxide remains stable in the 
autoxidizing sulphide, and that the hemithioacetal, which is not found as a product, 
decomposes to form water by reactions other than (3) and (5). If reactions (6) and (7) are 
substituted for (3) and (5) in stage 3 : 


#HOyCHR-SMe + JHO-CHR-SMe-—w H,O + etc. . . . . . . (6) 
jHO-CHR-SMe ——® JR-CHO 4+ jMeSH . . . . (4) 
$MeSH + 40,——@ jMe,S,+}H,O . . . «. . (1) 


then both the yield of sulphoxide (calc. 31%) and the relative proportions of the products 
agree with the experimental values (Table 3). The formation of »- butyl methyl disulphide 
indicates that the initiation reaction involves the methyl group to a minor extent, in 
agreement with the previous conclusions on the relative reactivity of methyl and methylene 
groups. 

To summarize, there is strong evidence that stages | and 2 represent the primary 


* Control experiments with unsaturated sulphides shows that the presence of the catalyst does not 
appreciably affect the products. 
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TABLE 3. 
Molar proportions Molar proportions 
Product Found Calc, Product Found Cale. 
Bu®-SOeMe ......cccrsesereee 1-0 1-0 Ma Ge, vscrvceracrigregeceesvess 0-3 0-25 
IE cteneetinsnensetied 0-6 0-5 8 ile name Beles 0-1 0-0 
inka eth ihe 1-2 1-25 


autoxidation of sulphides of the type now considered, which is actually encountered in 
allylic sulphides only at very small extents of reaction. The subsequent decomposition of 
the relatively labile products varies in extent and kind from one system to another, but in 
a way which can be given a genera] explanation. 


EXPERIMENTAL 


The sulphides were those described in Part III. 

Oxidation Procedure.—-Small-scale experiments for kinetic and certain analytical measure- 
ments were carried out in the apparatus referred to previously (Fig, 1 in Part III), Oxidations 
on a larger scale (ca. 200 g. of sulphide) were carried out in a flask attached to a gas-burette 
containing oxygen over silicone oil, the pressure being kept approximately constant by manual 
control. 

Oxidation of But-2-enyl Methyl Sulphide.-Of procedures examined, the following gave the 
most effective separation of the products. The oxidized sulphide (82-6 g. containing 1-29 g. of 
oxygen) was heated at 60° (bath) /14 mm. and the volatile materials (74-4 g.) were collected in a 
trap at —80°. After drying (Na,SO,), this distillate gave analyses for unchanged sulphide 
(Found : C, 59-0; H, 9-8; S, 31-5. Cale, forC,H,,S: C, 58-8; H, 9-85; S, 31:3%). However, 
infrared absorption at 1700, 1720, and 1750 cm.~! showed the presence of carbonyl groups, and 
addition of 2: 4-dinitrophenylhydrazine hydrochloride in ethanol precipitated but-2-enal 2; 4- 
dinitrophenylhydrazone, m, p, and mixed m. p. 191° (Found: C, 47-8; H, 4:2; N, 22-0, Cale. 
for CoH ON, : -C, 48-0; H, 4:0; N, 225%). Treatment with lithium aluminium hydride in 
dry ether liberated methanethiol, which was absorbed in alcoholic sodium hydroxide and 
identified as methyl 2 : 4-dinitrophenyl sulphide, m. p. and mixed m. p, 126-5--127° (Found : 
C, 39-2; H, 2-2; N, 13-3; S, 149. Calc. for C,H,O,N,S: C, 39-3; H, 2-8; N, 13-2; 5S, 
150%). 

The involatile residue (A) (7-7 g.) had n? 1.5080 (Found: C, 50-6; H, 83; S, 28-2; SO 
content, 51%), and its infrared and ultraviolet spectra indicated the presence of hydroxyl and 
vinylic sulphide groups in addition to sulphoxide. The constituents were separated by solvent 
distribution as follows : 

(i) The sample (27-5 g.) was shaken with a mixture of light petroleum (b, p. <40°; 66 ml), 
water (30 ml.), and methanol (30 ml.). The aqueous layer was extracted twice with light 
petroleum (60 ml.) and the combined petroleum extracts were first washed with aqueous 
methanol (50: 50; 2 x 60 ml.) and the solvent was then removed by distillation. The residue 
(B) (6-2 g.; nf 1-5433) contained only a little sulphoxide (Found; C, 493; H, 79; S, 38-8; 
SO content, 2-0%), which was further removed by chromatography. A portion of (13) (2-7 g.) 
in light petroleum (b. p. <40°; 150 ml,) was passed through silica gel (200 mesh; 30 x 1-8 cm.) 
followed by light petroleum (1) (200 ml.), (2) (200 ml.), (3) light petroleum-—carbon tetrachloride 
(60: 50; 200 ml), (4) carbon tetrachloride (200 ml.), (5) ether (200 ml.), (6) ether (200 mi,), 
(7) chloroform (200 ml.), and (8) methanol (200 ml,). Fractions (2)-—-(4) and (6)—-(8) gave only 
traces of extract. Fraction (1) gave a product (1-6 g.), n?? 1.5460 (Found: C, 49-1; H, 82; 5, 
42-:7%,; M, 150. CeH,,S, requires C, 48-8; H, 8-1; S, 43-2%; M, 148), identified as I : 3-di- 
methylthiobut-\-ene (see below), Fraction (5) gave a product (0-6 g.), n® 15390 (Found: C, 
49-5; H, 7-9; S, 28-1; SO content, 6-0%), which was a complex mixture of hydroxyl, carbonyl, 
and sulphoxide compounds, 

The combined methanol—water layers were saturated with sodium chloride and extracted 
with chloroform (6 x 100 ml.), Evaporation of the chloroform from the combined extracts 
gave a sulphoxide-rich product (18-2 g.), ne 15056 (Pound: C, 484; H, 80; 5S, 27-1; SO 
content, 74-7%), of which 6-5 g, were subjected to countercurrent distribution between ether 
and water in a 20-cell apparatus. The ether extract gave a product very similar to fraction (5) 
above. The water extracts were saturated with salt and extracted with chloroform, which 
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yielded but-2-enyl methyl sulphoxide (4-7 g.), b. p. 54-—55°/0-02 mm., n? 1-5038 (Found: C, 
50-5; H, 856; S, 26-8; SO content, 99-4. Calc. forC,H,OS: C, 50-8; H, 8-5; S, 27-1%). 

(ii) Fraction A (10 g.) was shaken with light petroleum (10 ml.) and water (10 ml.), the 
aqueous layer was separated, extracted twice with light petroleum (10 ml.), and the combined 
light petroleum extracts were then washed with water (2 x 10 ml). The petroleum extracts 
gave a product (2-65 g.), practically identical with (B) above. The combined aqueous extracts 
were continuously extracted with methylene chloride for two days, the latter extract yielding a 
sulphoxide-rich product similar to that above from the methanol~water extracts in (i) (5-3 g.), 
we 15042 (Found: C, 60-5; H, 83; S, 263; SO content, 78-1%). The extracted water layer 
was evaporated down under reduced pressure, only a trace of residue being obtained. Spectro- 
scopic examination of all the solvents used and recovered in those extracts showed only the 
presence of but-2-enal, in addition to the vinyl sulphide and but-2-enyl methyl sulphoxide 
actually isolated, 

Synthesis of 1: 3-Dimethylthiobut-1-ene.-Methanethiol (15 g.) was added to but-2-enal 
(7 g.) in carbon tetrachloride (20 ml.) containing dry hydrogen chloride (0-05 g.) and cooled to 0°. 
After being kept at room temperature overnight, the solvent and excess of thiol were evaporated, 
and the residue was separated by distillation into (i) mainly 3-methylthiobutanal, b. p. 80-— 
92°/14 mm., n® 1-5078 (2: 4-dinitrophenylhydrazone, m, p. 85-86"), and (ii) 1 : 3-dimethyl- 
thiobut-l-ene, b. p. 92-—-93°/14 mm, (6 g.), nf 1-5465 (Found: C, 48-6; H, 80; S, 43-4. 
C,H,,5, requires C, 48-7; H, 8-1; S, 43-2%). 

Synthesis of 1-Methylthio- and 1-Ethylthio-oct-1-ene,—-Solutions of the respective thiols in 
oct-l-yne were sealed in glass tubes under a vacuum and irradiated for 5 hr. at a distance of 6” 
from a Hanovia 500w mercury lamp, The addition products isolated by distillation 
were characterized as follows: 1-methylthio-oct-1-ene, b. p, 88—-89°/14 mm., n? 1-4780 (Found : 
C, 68:1; H, 11-3; 5,199. C,H,,S requires C, 68-3; H, 11-4; S, 20-3%); 1-ethylthio-oct-1-ene, 
b, p. 46°/0-01 mm., ni? 1-4755 (Found; C, 60-7; H, 11-8; S, 18-9, C,oH,,5 requires C, 69-8; 
H, 11-6; S, 18-6%). 

Spectra of the Vinyl Sulphides.—The ultraviolet absorption bands given by simple vinyl 
sulphides, by a synthetic sample of 1: 3-dimethylthiobut-1l-ene, and by a sample isolated from the 
oxidation of but-2-enyl methyl sulphide (in ethanol) were : 


MeS*CH:CH-C,H,, 3375 
EtS’CHICH’C,Hy, 4080 
MeS’CH MeC Hi 1c th: SMe, synth. 6970 

x from oxidn. product 7040 


The infrared spectra of the last two samples were identical and were characterized by strong 
absorption at 1597 cm.“ due to the C:C*S+ grouping. 

Quantitative Estimation of Oxidation Products.—-Sulphoxide was estimated directly in the 
reaction mixture by reduction with titanous chloride.“ 

Water was estimated in the reaction mixture, essentially by the procedure described by 
Bateman and Shipley.* 

Dimethyl! disulphide was estimated in the volatile fraction by reduction with lithium 
aluminium hydride * and polarographically in the total oxidation mixture.* 

Crotonaldehyde was estimated, in the reaction mixture and the volatile fraction, (a) spectro- 
scopically (comparison of intensity of infrared absorption at 1700 cm.“ due to conjugated 
carbonyl groups) and (6) polarographically [comparison of the wave given in 85% acetone-free 
methanol-15% water containing an acid buffer (HCl and NaOAc) with that given by an 
authentic sample of crotonaldehyde under the same conditions}. 

1: 3-Dimethylthiobut-l-ene was estimated spectroscopically on fraction (A) (p. 3061) by 
measurement of the intensity of absorption at 2300 A, allowance being made for absorption by 
the admixed sulphoxide and butenal. 

Hydroxy! groups, attributed to 1-methylthiobut-2-en-l-ol, was estimated in fraction (A) by 
reaction with phthalic anhydride in pyridine.“ Blank estimations were made with synthetic 
mixtures of butan-1-ol, but-2-enal, and but-2-enyl methyl sulphoxide, which showed that the 
last two compounds did not interfere with analysis of the first. 

Attempted Syntheses of \-Methylthiobut-2-en-1-ol.—(i) Methanethiol (1 g.) in ethanol (3 ml.) 

Barnard and Ha ve, Analyt. Chim, Acta, 1951, 6, 536. 

™ Eloving and W. owsky, Analyt. Chem., 1947, 19, 1006 
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was added slowly to but-2-enal (3 g.) in ethanol (3 ml.) and the mixture left in the dark at room 
temperature overnight.’? Evaporation at 40°/14 mm. gave a residue (0-7 g.), b. p. 20°/0-002 mm., 
ny 1-4948 (Found : C, 52-6; H, 89; S, 28-1. Calc. for C,H,,OS: C, 50-8; H, 85; S, 27-1%) 
(OH infrared absorption bands absent), which appeared to be a mixture of §-methylthiobutyr- 
aldehyde and 4-ethoxy-4-methylthiobut-2-ene. (ii) Methanethiol (1-5 g.) in ether (7 ml.) was 
added to but-2-enal (4-7 g.) in ether (6 ml.) and the mixture kept at room temperature for 5 days. 
Evaporation at reduced pressure left a product (2-8 g.), n?? 1-4963. No hydroxyl groups were 
detected by infrared spectroscopy, and the product was largely 6-methylthiobutyraldehyde 
(2: 4-dinitrophenylhydrazone, m. p. 85-86"). 

Synthesis of 1-Methylthiobutan-1-ol.—Methanethiol (6 g.) in ether (45 ml.) was added in 1 hr. 
to butyraldehyde (54 g.), cooled in ice and rapidly stirred, and the mixture kept at room 
ternperature for 4 days, Evaporation at 20°/14 mm. and then at 0-005 mm. into a trap at —80° 
gave in the trap mainly the desired hemithioacetal (with a little aldehyde), n?? 1-4646 (Found : 
C, 52-7; H, 10-2; S, 23-6%; M, 119. Calc. for C,H,,OS: C, 50-0; H, 10-0; S, 27:3%; M, 
120). Its infrared spectrum had a strong OH band at 1725 cm.~!. On storage under nitrogen 
at room temperature, it slowly decomposed with liberation of water. 

Evidence for Presence of \-Methylthiobut-2-en-\-ol in Oxidation Products. —(i) But-2-enyl methyl 
sulphoxide did not react with the hydrazine hydrochloride in ethanol at room temperature. 
(ii) The total oxidation product under the same conditions immediately gave a 2: 4-dinitro- 
phenylhydrazone, m. p. 177-—-185° (Found: C, 47-0; H, 40; N, 21-8; 5S, 10, Cale. for 
CipH ON, : C, 48-0; H, 4-0; N, 225%), Agar 3740 A (E}%, 1124 in EtOH), which on one 
crystallization from ethanol—benzene had m. p. and mixed m. p. (with but-2-enal 2: 4-dinitro- 
phenylhydrazone) 191°, Aga, 3730 A (E}%, 1075 in EtOH). (iii) The small amount of but-2- 
enal present in fraction A (p. 3061) (ca. 3%) was removed at 10°* mm. at room temperature : its 
characteristic smell and infrared spectrum were then no longer detected. Addition of the 
hydrazine, however, gave a derivative, m, p. 165-—175° (Found: C, 47-2; H, 4:1; N, 22-1; 5S, 
0-9%), Amax, 3740 A (EI%, 1044 in EtOH), which after one crystallization from ethanol-benzene 
had m. p. 191° alone or mixed m, p. with the but-2-enal derivative, 

Fraction (A) thus contains a hydroxylic component readily giving but-2-enal on treatment 
with ketonic reagents. The hemithioacetal satisfies this requirement and the elementary 
analysis (when allowance is made for the other constituents present in known amount), The 
comparative stability of the hemithioacetal in the total oxidation product and in fraction (A) 
contrasts with its dissociation on attempted isolation from solvents (p. 3062). This may be due 
to complex formation with the sulphoxide in the first two systems, which evidently decomposes 
under more vigorous conditions than encountered in the isolation of (A), since heating this 
fraction at 75° for 24 hr. reduces the sulphoxide content from 51 to 7%, and water and disulphide 
are produced, 

Experiments with Methyl 1-Methylbut-2-enyl Sulphide.—The oxidation of this sulphide was 
followed quantitatively in the small-scale apparatus (p. 3061), Estimations of the products 
were carried out by the procedures indicated above, their validity having been established by 
blank determinations. At an oxygen uptake of 1-6%, the following results were obtained : 


Wt. (%) Mole per mole of O, absorbed 
0°20 
0-60 
0-52 


Sulphoxide 
Water 


Sulphoxide yields measured at other extents of reaction are plotted in Fig. 3. 

n-Butyl Methyl Sulphide,—(a) The sulphide (100 g.) containing a«’-azoisobutyronitrile (1 g.) 
was shaken at 75° with oxygen at atmospheric pressure. After 10-5 hr. 1-76 g. of oxygen had 
been absorbed, and absorption was very slow, Distillation at 60°/14 mm. gave a volatile 
fraction, consisting of unchanged sulphide admixed with water, butyraldehyde, and dimethyl 
disulphide (Found, after drying over MgSO,: C, 57-9; H, 11-6; S, 30-6%), and a residue 
(6-8 g.) (Found : C, 48-8; H, 9-2; N, 2-9; S, 23-9; SO content, 54-65%). 

Shaking the volatile fraction (60 g.) with freshly prepared saturated aqueous sodium 
hydrogen sulphite for 2 hr., and adding Brady's reagent to the aqueous layer in the cold, gave 
butyraldehyde 2 : 4-dinitrophenylhydrazone (2-05 g.), m. p. and mixed m. p, 122°. After being 
dried, the organic layer contained no hydroxyl or carbonyl groups detectable by infrared 
spectroscopy. 

Dimethy! disulphide was detected in the volatile fraction by the liberation of methanethiol 
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(identified as 2: 4-dinitrophenyl methyl sulphide, m, p. 126-5°) on treatment with lithium 


aluminium hydride. 

The involatile fraction of the oxidation product (30 g.) was dissolved in aqueous methanol 
(1: 1; 60 ml.) and extracted with light petroleum (b. p. <40°; 3 x 60 ml.), The combined 
petroleum extracts were extracted twice with aqueous methanol, dried (Na,SO,), and evaporated. 
The residue (5-25 g.) had n® 1-5040 and contained little sulphoxide (Found: C, 46-8; H, 8-8; 
N, 0-8; S,40-6; SO content 21%; M, 142). Adsorption of 1 g. of this residue on alumina and 
elution with light petroleum gave a product (0-8 g.), ni? 16124, containing n-butyl methyl 
disulphide (74%) and di-n-butyl disulphide (26%) (Found; C, 46-8; H, 89; S, 444, Calc. 
for the mixture: C, 466; H, 9-1; S, 442%). Attempted fractionation showed the absence 
of dimethy! disulphide, and reduction with lithium aluminium hydride gave methanethiol 
(identified as 2; 4-dinitrophenyl methyl sulphide) and butane-1-thiol (2: 4-dinitrophenyl 
derivative, m. p. and mixed m,. p. 65° (Found; C, 470; H, 47; N, 11-2. Calc. for 
Cyl ,O.N,S: ©, 469; H, 47; N, 10-9%)). The absence of mercaptals in the eluted product 
was shown by the non-formation of carbonyl compounds with refluxing aqueous mercuric 
chloride (30 min.), 

The combined aqueous-methanol extracts yielded a product (22-2 g.) (Found: SO content, 
75%), which on purification by counter-current distribution between ether and 2n-hydrochloric 
acid gave (from the acid layer) n-butyl methyl sulphoxide (14 g.), ni? 1-4694 (Found : SO content, 
99°%,), characterized by oxidation ™ to n-butyl methyl sulphone, m, p. and mixed m. p, 28-5-— 
20-6°. The sulphoxide was also identical with a specimen (prepared from the sulphide ™), b. p. 
51-6°/0-01 mm, nf? 14696 (Found: C, 501; H, 100; S, 263; SO content 99-0. 
C,H OS requires C, 60-0; H, 10-0; S, 26-7%). 

(b) Sulphoxide and water were estimated by the procedures already described (p. 3062), 
blank determination having established their validity for the -buty! methyl sulphide system. 
Results for the sulphoxide are shown in Fig. 3, and for water were ; 


O, absorbed (wt, %) ...ccccoccrccceccevevsccrecsevccccvevecssceses 0-90 
O, absorbed found as water (%) 


Butyraldehyde was estimated (a) spectroscopically (by comparisons of the intensity of infrared 
absorption by the saturated carbonyl group at 1725 cm.) and (b) gravimetrically (by quantit- 
ative extraction with sodium hydrogen sulphite and precipitation of the 2: 4-dinitrophenyl- 
hydrazone as described above). The results were : 


Method (b) (b) 
O, (wt. %) 10 1-75 


©, adsorbed found as aldehyde (%) 23- 21-2 19-0 


Dimethy! disulphide was estimated by reducing the total oxidation product with lithium 
aluminium hydride and measuring the methanethiol liberated (p. 3062). The extent of form- 
ation of di-n-butyl disulphide was calculated from the weight and composition of the mixed 
disulphide fraction (above), For present purposes, n-butyl methyl disulphide may be 
considered as derived by disproportionation of the symmetrical disulphides. At 1-75 wt. % of 
oxygen absorbed, the total oxidation product contained 1-0 wt. % of dimethy! disulphide and 
0-69 wt. % of di-m-butyl disulphide, i.¢., 0-19 and 0-07 mole per mole of oxygen absorbed 
respectively 

Oxidation of n-Butyl Methyl Sulphide in the Presence of the Sulphoxide.—The sulphide (10-15 
g.), containing m-butyl methyl sulphoxide (0-4270 g.) and aa’-azoisobutyronitrile (0-10 g.), was 
shaken in oxygen at 76° until 1-44 wt. % had been absorbed. The sulphoxide content was then 
73%; the calculated value on the basis that the added sulphoxide behaves as a neutral diluent 
having no influence on the oxidation is 7-35%,. 


We are indebted to Mr. M. E. Cain for experimental assistance. This work forms part of a 
programme of research undertaken by the Board of the British Rubber Producers’ Research 
Association, 

48-52 Tewin Roap, Wetwyn Garpen Cry, Herts. (Received, February 14th, 1956.) 
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592. Benzyloxymalondialdehyde. An Intermediate in the Oxidation 
of 2-O-Benzyl-p-arabinose with Sodium Periodate. 


By J. C. P. Scuwarz and (in part) Myra MacDouGa.t. 


Benzyloxymalondialdehyde has been isolated as an intermediate in the 
oxidation of 2-O-benzyl-p-arabinose with periodate, and its reactions have 
been investigated. 


SusstiTuTED hydroxymalondialdehydes of the general formula (I) have frequently been 
postulated as intermediates in the oxidation of carbohydrates with periodate '* and lead 
tetra-acetate.2 However, no account of the isolation and identification of these inter- 
mediates could be found in the literature, although compounds CHO CHOH 
of the type (I) have been obtained by other routes. The 
benzoyl ester (I; R = Bz) can be prepared from reductone (I; HC-OR ——* ~OR 
R = H),*° and methylation of anilino-derivatives of reductone 41, «) HO 
yields derivatives of methoxymalondialdehyde (I; R = Me).® 
Grard has reported the synthesis of ethoxymalondialdehyde (I; R = Et) from bromo- 
malondialdehyde and sodium ethoxide,* but other workers * have been unable to repeat 


é] 


Pertodate oxidations, 


1, 0-0125m-Benzyloxymalondialdehyde in 0-050m- 
periodate at 15-—18°, 

2, 0-0125m-2-O-Benzyl-p-avabinose in 0-075m- 
periodate at 15-—18°, 
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this. The present paper describes the synthesis of benzyloxymalondialdehyde (I; 
R = CH,Ph) by controlled periodate oxidation of 2-0-benzyl-p-arabinose, the benzyl 
compound being chosen to facilitate isolation from aqueous solution. 
2-0-Benzyl-D-arabinose was prepared from 3-O-benzyl-p-glucose. Oxidation of the 
latter with sodium periodate yielded a crystalline formate ester,’ presumably 2-O-benzyl- 
4(?)-O-formy]-D-arabinose, which was contaminated with some 2-O0-benzyl-p-arabinose. 


* Huebner, Ames, and Bubl, J]. Amer. Chem, Soc., 1946, 68, 1621; Ness, Pletcher, and Hudson, 
ibid., 1951, 78, 3742; Wolfrom, pson, O'Neill, and Galkowski, ibid., 1962, 74, 1062; Courtois 
and Ramet, Bull. Soc. Chim. biol., 1945, 27, 610; 1947, 29, 240; Head and Hughes, J., 1954. 603; 
Lemieux and Bauer, Canad. J, Chem., 1963, 31, 814; McKeown and Hayward, ibid., 1965, 33, 1392. 

* Halsall, Hirst, and Jones, /., 1947, 1427. 

* Hockett, Nickerson, and Reeder, J. Amer. Chem. Soc., 1944, 66, 472; Perlin, Analyt. Chem., 
1955, 27, 396. 

* Von Euler and Hasselquist, Arkiv Kemi, 1951, 8, 140. 

* Fistert, Arnemann, and “og Chem. Ber,., 1956, 88, 939. 

* Grard, Ann. Chim. (France), 1930, 18, 336. 

’ Meyer and Rathgeb, Helv. Chim. Acta, 1949, 32, 1102; Barker and Smith, Chem. and Ind, 
1952, 1035; Huffman, Lewis, Smith, and Spriesterbach, /. Amer. Chem. Soc., 1966, 77, 4346; Gorin 
and Jones, Nature, 1953, 172, 1051. 
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Hydrolysis of this formate under acidic conditions gave 2-O-benzy|l-p-arabinose containing 
a trace of arabinose, which was removed on a cellulose column. Paper chromatography 
indicated that 2-O-benzyl-p-arabinose suffers partial debenzylation when heated at 100° 
with 0-01N-sulphuric acid for 4 hours; this seems surprising, although benzyl ethers are 
known to be more sensitive to acid than the corresponding methyl compounds.* 2-0- 
Benzyl-p-arabinose, free from arabinose, was obtained when the formate was hydrolysed 
under mild alkaline conditions. 

The oxidation of 2-O-benzyl-p-arabinose with sodium periodate was found to proceed 
in three stages (Figure). 1 Mol. of periodate was consumed rapidly (ca. 5 min.). After 12 
hours the total periodate uptake had reached 4 mols.; further oxidation then proceeded 
only very slowly and was not followed to completion. Benzyloxymalondialdehyde could 
be isolated in good yield when the reaction was stopped at the end of the first stage. It is 
presumably formed from the dialdehyde (I1; R = CH,Ph), which may be expected to 
decompose readily to benzyloxymalondialdehyde and glycollaldehyde. Oxidation of 
the latter to formic acid and formaldehyde requires only 1 mol. of periodate, and the 
above results therefore suggest that benzyloxymalondialdehyde consumed 2 mols. of 
periodate in the second stage of the reaction, although this compound does not contain 
«glycol or «-hydroxyaldehyde groups. 


——CH-OH HO HO 
oh (IV) 
RO—C—H RO-C-H = ——m HO-C-—OR —OR 


H OH —e. O HO — > HO (11t) CHO —» H-CO,H 


H-C-—OH HO HO H-CO,H 
> 
— H, H,-OH CH,O 


(If) 


Consumption of periodate beyond the amount expected from the fission of only a-glycols 
and a-hydroxyaldehydes has also been observed in other periodate oxidations..* To 
explain this “ over-oxidation,” it has been suggested |}? that an intermediate of the type 
(I) may undergo hydroxylation to (I11), which is then oxidised to a glyoxylic acid derivative 
(LV) and formic acid. The glyoxylic acid derivative may then undergo further changes. 
Investigation of the oxidation of benzyloxymalondialdehyde with sodium pericedate has 
now provided additional evidence for these assumptions, 

Benzyloxymalondialdehyde consumed 2 mols. of periodate in about 90 minutes (Figure). 
Titration with iodine (see below) then indicated that at least 99°, of the benzyloxymalondi- 
aldehyde had been oxidised. At this stage, the solution contained | equivalent of acid, 
presumably formic acid, and benzyl glyoxylate (IV; R = CH,Ph) which was isolated 
as the 2: 4-dinitrophenylhydrazone. The presence of benzyl glyoxylate was confirmed by 
its hydrolysis to glyoxylic acid, which was isolated as the known 2 : 4-dinitrophenyl- 
hydrazone. 

When oxidation of benzyloxymalondialdehyde was prolonged, periodate uptake and 
acidity exceeded 2 mols. and 1 equivalent respectively. It is not clear whether this is 
due to direct oxidation of benzyl glyoxylate or to hydrolysis of this ester followed by 
oxidation of the glyoxylic acid formed. 

Benzyloxymalondialdehyde decolorises two equivalents of iodine in the presence of 
sodium hydrogen carbonate. Estimation of periodate by titration with arsenite after 
addition of sodium hydrogen carbonate and potassium iodide therefore gives unreliable 
results in the presence of benzyloxymalondialdehyde or related compounds.® Periodate 
uptake during the initial stages of the above oxidations was therefore followed by titration 
with sodium thiosulphate after addition of acidified potassium iodide.* Benzyloxy- 
malondialdehyde does not decolorise iodine in the presence of hydrogen iodide. 


* Lburwell, Chem. Rev., 1954, 54, 615. 
* Schwarz, Chem. and Ind., 1954, 1000 


[1956] Benzyloxymalondialdehyde. 3067 


It is interesting that the product obtained from 2-O-benzyl-p-arabinose after consump- 
tion of 1 mol. of periodate, reduces periodate more slowly than an equivalent solution of 
benzyloxymalondialdehyde. Furthermore, attempts to estimate benzylo 
aldehyde, produced during the periodate oxidation of 2-0- benzyl-b-arabinose, by titration 
with iodine after addition of ethylene glycol followed by sodium hydrogen carbonate, 
gave rapidly fading end-points unless the solution had been allowed to stand 
for 10 minutes before titration. These facts suggest that fission of the dialdehyde (II; 
R = CH,Ph) or enolisation of the resulting benzyloxymalondialdehyde may be 

comparatively slow. 
"CH,Ph Benzyloxymalondialdehyde, like other substituted malondialdeh 
R-CH:C-CHO = 4ppears to exist largely in the enolic form. It gives a strong violet colour 
(V) with ferric chloride and can be titrated as a monobasic acid to phenol. 
phthalein. Reaction with benzoy! chloride in sodium hydrogen carbonate 
yields the enol-benzoate (V; R = BzO). This compound, which may be regarded as the 
vinylogue of an acid anhydride, is rapidly hydrolysed by dilute sodium hydroxide, and 
phenyl! benzoate can be isolated if the hydrolysis is carried out in the presence of phenol. 
Condensation of benzyloxymalondialdehyde with aniline gives a monoanilino-derivative 
which, by analogy with the corresponding derivative of reductone,"' probably has the 
structure (V; R = NHPh). 

O'Dea ™ has found that, in certain periodate oxidations, the estimation of formaldehyde 
gives anomalous results, and he has suggested that intermediates of the type (I) may 
react with formaldehyde. Titration with iodine of a solution of benzyloxymalondialdehyde 
containing formaldehyde, iodate, and sodium hydrogen carbonate showed that the 
benzyloxymalondialdehyde reacted slowly with formaldehyde; in the absence of form- 
aldehyde only a very slow decrease in the iodine titre was observed, 

Liberation of iodine was observed when benzyloxymalondialdehyde was allowed to 
stand with iodate under weakly acidic conditions It has been suggested * that reduction 
of iodate by similar malondialdehyde intermediates may account for the iodine produced 
in certain periodate oxidations (see also ref. 13). 


EXPERIMENTAL 


Concentrations were carried out under reduced pressure. Two solvents were used in 
chromatography on Whatman No, 1 paper: (a) butanol-ethanol-water (4; 1; 5); (6) benzene- 
ethanol—water (169; 47: 15). The sugars were detected with aniline oxalate. 

3-O-Benzyl-p-glucose, prepared from 1 : 2-5: 6-di-O-isopropylidene - p -glucofuranose,“ 
showed m. p, 126-——~128° and was found by paper chromatography (solvent a) to contain a trace 
of glucose which could not be removed by crystallisation, A portion, which was freed from 
glucose on a cellulose column with butanol half-saturated with water, had m. p. 130-—-140° 
after crystallisation from acetone. Paper chromatography indicated that 3-0-benzyl-p- 
glucose was partly hydrolysed to glucose on 5 hours’ heating at 100° with n-sulphuric acid. 

2-O-Benzyl-4(?)-O-formyl-p-arabinose.—3-O-Benzyl-p-glucose (7-7 g.) was dissolved in a 
solution of sodium periodate (9-12 g.) in water (120 c.c.). After 20 min, at room temperature, 
the solution was extracted with chloroform (15 x 150 c.c.). Concentration of the dried extract 
gave the required formate ester (1-0 g.; m. p. 120--130°). The m. p. remained unchanged on 
crystallisation of the compound from ethyl acetate or chloroform, which yielded prisms, {a)}’ 
—99° (10 min.; ¢ 2-03 in acetone) (Found: C, 58-3; H, 59. C,,H,,O, requires C, 568-2; 
H, 6-0%). Chromatography in solvent b indicated that the formate ester (Jt, 0-76) was con- 
taminated with 2-O-benzyl-p-arabinose (Rg 0-37). In solvent a the formate ester had 2, 0-97; 
no slower-moving spots were detected. 

2-O-Benzyl-p-avabinose from 2-O-Benzyl-4(?)-O-formyl-p-arabinose.—(a) By acid hydrolysis. 


1® Dieckmann and Platz, Ber., 1904, 37, 4638; Pino, Gazzetta, 1950, 86, 768; Panizzi, ibid., 1947, 77, 
283. 

1! Cocker, O'Meara, Schwarz, and Stuart, J., 1950, 2052. 

18 C'Dea, Chem. and Ind., 1953, 1338. 

 Ahlborg, Svensh hem. Tidshr., 1942, 64, 205; Chem. Abs., 1944, 38, 4254. 

* Adams, Reeves, and Goebel, J. Biol. Chem., 1941, 140, 653. 
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The crude formate ester (prepared from 9-5 g. of benzylglucose) in water (200 c.c.) was heated 
at 100° with Amberlite IR-120 (H’ form; 3 g.) until the alkali titre (methyl-red) of filtered 
samples became constant (4 hr.). After cooling, the solution was filtered, brought to pH 4 by 
addition of sodium hydroxide, and evaporated. Extraction of the dry residue with hot chloro- 
form gave 2-O-benzyl-p-arabinose (6-3 g.), m. p. 105—107°, Chromatography in solvent a 
indicated that the sugar (R, 0-91) contained a trace of arabinose which was only partly removed 
by crystallisation from chloroform or ethanol-light petroleum. Purification on a cellulose 
column, with butanol half-saturated with water, yielded needles (free from arabinose), m. p. 
110-112", [a}\? —80° (6 min.) —» —75° (30 min., equil.) (c 1-1 in H,O) (Found: C, 59-5; 
H, 61. CyH,O, requires C, 60-0; H, 67%). Paper chromatography showed that this 
material underwent partial hydrolysis, giving a small quantity of arabinose, when heated for 
4 hr. in 0-01n-sulphuric acid. 

(b) By alkaline hydrolysis, The crude formate ester (from 0-7 g. of benzylglucose) was 
dissolved ia 0-In-sodium hydroxide (30 c.c,) and kept at room temperature for 20 min. After 
neutralisation the solution was evaporated and the dry residue extracted with hot chloroform. 
The 2-O0-benzyl-p-arabinose (0-46 g.; m. p. 105-~109°) obtained on concentration was free 
from arabinose, but required repeated crystallisation from chloroform before it showed m. p. 
and mixed m, p. 100-111’, 

Bensyloxymalondialdehyde,—-2-O-Benzy|-p-arabinose (16-5 g.) was dissolved in a solution 
of sodium periodate (29-4 g.) in water’ (600 c.c.). After 6 min., ethylene glycol was added to 
reduce excess of periodate to iodate, which was then precipitated with 2m-strontium chloride 
(160 c.c.). A small quantity of iodate remaining after filtration was reduced to iodide with 
sulphur dioxide, The filtered solution slowly deposited benzyloxymalondialdehyde (8-9 g.), 
m, p, 134--136°. Crystallisation from water gave needles, m, p. 135-—137° (Found: C, 67-9; 
H, 55%; equiv., 182, C,H, O, requires C, 67-4; H, 5-7%; equiv., 178). 

Benzyloxymalondialdehyde was also isolated when the reaction of 0-0125M-2-0-benzyl-p- 
arabinose with 0-075M-periodate (see below) was stopped after 5 min. by addition of ethylene 
glycol. After removal of iodate as above, the benzyloxymalondialdehyde was extracted 
with chloroform. 

The aldehyde (0-9 g.) in water (50 c.c.) containing sodium hydrogen carbonate (2-0 g.) was 
shaken with benzoyl chloride (0-75 g.) for 45 min. Alcohol-free chloroform (10 c.c.) was then 
added and shaking continued for 1 hr. After addition of more chloroform, the organic phase 
was separated, dried (MgSO,), and evaporated, Crystallisation of the enol benzoate from light 
petroleum containing a little benzene gave needles, m, p. 62-5—63-5° (Found: C, 72:1; H, 5-1. 
C,H O~, requires C, 72-3; H, 5-0%). 

Phenol (0-1 g.) and the enol benzoate (0-1 g.) were dissolved in acetone (5 c.c.), and 0-2n- 
sodium hydroxide (5 c.c.) was added dropwise. Phenyl benzoate (0-06 g.) separated on 
evaporation of the acetone, Crystallised from aqueous ethanol, this had m, p. and mixed 
m. p. 68:5-—60-5". 

3-Anilino-2-bensyloxyprop-2-enal (V; R = NHPh).—Benzyloxymalondialdehyde (0-3 g.) 
in water (160 c.c.) was treated with aniline (0-2 g.) in water (5 c.c.) containing a little hydro- 
chloric acid, After 6 hr, at room temperature, the precipitate was filtered off and washed with 
water, Crystallisation of the anilino-derivative from benzene gave plates, m. p. 160—-151° 
(Found: C, 76-0; H, 60; N, 64. Cy.H,,O,N requires C, 75-0; H, 6-0; N, 55%). 

Oxidation of 2-O-Benryl-p-avrabinose and Benzyloxymalondialdehyde with Periodate (Figure) .— 
The reaction mixtures were prepared by treating 0-025m-solutions of benzylarabinose and 
benzyloxymalondialdehyde with equal volumes of 0-15M- and 0-1M-sodium periodate respectively 
(0-026m-benzyloxymalondialdehyde is supersaturated at room temperature). Oxidation was 
allowed to proceed in the dark at 15—18°. 

Periodate uptake was determined by (a) titration with arsenite after addition of sodium 
hydrogen carbonate and potassium iodide,“ and (6) titration with sodium thiosulphate after 
addition of a mixture of dilute sulphuric acid and potassium iodide. The initial stages of both 
oxidations were followed by method b; method a was used only in the final slow stage of the 
oxidations, Results are recorded in the Figure. 

After 90 min, a sample (5 c.c.) of the aldehyde reaction mixture was treated with ethylene 
glycol, followed after 10 min, by sodium hydrogen carbonate, The resulting solution decolorised 
only 0-01 c.c. of 0-O01n-iodine, indicating that ca. 99% of the benzyloxymalondialdehyde had 


been oxidised. 


'® Miller and Friedberger, Ber., 1902, 35, 2652. 
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In the oxidation of benzyloxymalondialdehyde, the acidity was followed by the method of 
Halsall, Hirst, and Jones.* Equivs. of acid/mole of benzyloxymalondialdehyde ; 0-94 (10 min.), 
0-99 (30 min.), 1-02 (80 min.), 1-55 (651 hr.). 

Benzyl Glyoxylate 2 : 4-Dinitrophenylhydrazone.— 0-025M-Benzyloxymalondialdehyde (50 c.c.) 
and 0-ImM-sodium periodate (50 c.c.) were mixed and kept at room temperature for 90 min, 
2m-Strontium chloride (5 c.c.)was then added, After filtration, excess of periodate was reduced 
by passing sulphur dioxide into the ice-cooled solution until the liberated iodine had been 
decolorised. Addition of a saturated solution of 2: 4-dinitrophenylhydrazine in 2n-hydro- 
chloric acid (175 c.c.) yielded a yellow 2: 4-dinitrophenylhydrazone (0-30 g.) which crystallised 
from ethanol-ethy! acetate as orange plates, m. p. 190-—192° (Found ; C, 52-2; H, 3-1; N, ls4. 
C,5H,,0,N, requires C, 52:3; H, 3-5; N, 16-3%). 

Glyoxylic Acid 2: 4-Dinitrophenylhydrazone.—0-05mM-Benzyloxymalondialdehyde (50 c.c. ; 
supersaturated solution) and 9-2m-sodium periodate (50 c.c.) were mixed and kept at room 
temperature for 90 min, Extraction with chloroform (8 x 50 c.c.) followed by evaporation 
of the solvent yielded an oil, which was hydrolysed at room temperature with 0-06n-sodium 
hydroxide (50 c.c.). After 15 min, the solution was acidified and treated with a saturated 
solution of 2: 4-dinitrophenylhydrazine in 2n-hydrochloric acid (150 c.c.). Purification of 
the precipitate gave glyoxylic acid 2; 4-dinitrophenylhydrazone (03 g.), m, p. and 
mixed m. p. 195—200° (decomp.). Chromatography in butanol-ethanol-0-6n-aqueous 
ammonia (70: 10: 20) gave two spots; * glyoxylic acid 2: 4-dinitrophenylhydrazone obtained 
from periodate-oxidised tartaric acid showed identical behaviour. 

Reaction of Benzyloxymalondialdehyde with Formaldehyde and with Iodate,—The dialdehyde 
(0-23 g.) in 4% sodium hydrogen carbonate (50 c.c.) was mixed with approx, 0-2mM-formaldehyde 
(50 c.c.), prepared by treating 0-Im-periodate (100 c.c.) with ethylene glycol (2 c.c.), The 
solution was kept at ca. 16° and samples were titrated at intervals with 0-1N-iodine to determine 
the quantity of benzyloxymalondialdehyde remaining: 99°, (10 min.), 88% (9 hr.), 71% 
(24 hr.), 26% (75 hr.). 

The following results were obtained when 0-ImM-potassium iodate was substituted for the 
formaldehyde—iodate solution used above: 100%, (1 hr.), 99% (6 hr.), 97% (22-6 hr.), 93% 
(60-6 hr.), 81% (147 hr.). 

Liberation of iodine was observed about 20 min. after mixing of 0-025m-benzyloxymalon- 


dialdehyde with an equal volume of 0-1M-potassium iodate which had been acidified with 
acetic acid. 


The authors are grateful to Professor E. L. Hirst, F.1.S., for his interest, and one of them 
(J.C. P. S.) thanks the University of Edinburgh for the award of an I.C.1, Fellowship. 
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593. Hydrogen Transfer. Part IX.* The Selective Dehydrogenation 
of Unsaturated Alcohols by High-potential Quinones. 
By E. A. Braupe, R. P. Linsreap, and K. R. WooLprince. 


Allylic, benzylic, and propargylic alcohols are thermally dehydrogenated 
in good yields to the corresponding aldehydes or ketones by high-potential 
quinones, Thus cinnamyl alcohol and o-chloranil (tetrachioro-1 ; 2-benzo- 
quinone) give cinnamaldehyde and tetrachlorocatechol (which form a 
crystalline molecular compound) in quantitative yield at room temperature. 
The preparative uses of this mild and selective method of oxidation are 
illustrated, 

The theoretical aspects of such reactions are discussed and it is suggested 
that the hydrogen-transfer proceeds in two steps, slow abstraction of a hydride 
anion from the C~H bond of the donor to give a resonance-stabilised oxonium 
ion and a quinol anion, followed by fast abstraction of a proton from the O-H 
bond ; 


C-C-CH-OH + Q —& C=C-C=OH.QH <-> €-C=C-OH.QH —» C=C-C=O + QH, 


The relations between the oxidation of alcohols by quinones and by other 
reagents are considered, 


As part of a general study of hydrogen-transfer reactions, we have been interested in the 
dehydrogenation of alcohols to aldehydes or ketones by quinones. Photochemical 
reactions of this type were first observed by Ciamician * and were later studied by several 
other investigators.***® In unpublished investigations, we have observed that saturated 
alcohols do not undergo measurable oxidation in the dark, whereas primary and secondary 
allylic aleohols are thermally dehydrogenated by high-potential quinones such as o-chloranil 
(tetrachloro-1 : 2-benzoquinone), Thus, cinnamyl alcohol is readily converted at room 
temperature into cinnamaldehyde in almost quantitative yield, Thermal dehydrogenation 
also takes place with alcohols containing other types of unsaturated substituents on the 
carbon atom bearing the hydroxyl group, particularly with benzyl and propargyl alcohol. 
a ee ‘to Ne ohols (¢, Ani benzoin), on the other hand, do not react thus. 

The interaction of benzyl alcohol and o-chloranil was first 
o studied almost fifty years ago by Jackson and MacLaurin.* They 
used no solvent and did not isolate tetrachlorocatechol, but a 
© derivative, later shown to have structure (1) and to be formed by 
the condensation of tetrachlorocatechol and o-chloranil with elimin- 
(1) ation of hydrogen chloride. The other product was first taken 

to be benzyl chloride, but was later 7 identified (by smell) as benzaldehyde. 

For preparative purposes, it is convenient to carry out the oxidation in solvents, such 
as ether, carbon tetrachloride, or benzene; the reaction can be followed by observing the 
disappearance of the colour of the quinone. Under such conditions little of the derivative 
(1) is formed, and the catechol can be separated by adsorption on alumina, and the oxid- 
ation product isolated simply by evaporation of the residual solution. This procedure has 
been applied to a number of unsaturated alcohols of widely varied structures (see Table). 
Although large differences in reactivity are observed, good yields can generally be obtained 
without employing excess of the reagent. 

Cinnamy! alcohol reacts quantitatively in 15 hr. at room temperature and, in this case, 


* Part VIII, J., 1954, 3505, 


' Tiraude and Linstead, /., 1954, 3544 et seq. 

* Ciamician, Gareetta, 1886, 16, 111; Ciamician and Silber, Ber., 1901, 84, 1531 et seq. 

* Leighton and Forbes, ]. Amer. Chem. Soc., 1929, 61, 3549; Leighton and Dresia, ibid., 1930, 52, 
3656 

* Berthoud and Porret, Helv. Chim. Acta, 1934, 17, 694. 

* Bolland and Cooper, Nature, 1956, 177, 483. 

* Jackson and MacLaurin, Amer. hon) 1907, 38, 127. 

’ _ kson and Kelly, tbid., 1912, 47, 19 
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the products can be separated as a solid 1: 1 molecular complex of cinnamaldehyde and 
tetrachlorocatechol, which readily dissociates into its components in dilute solution or in 
polar media. The spectral properties of this interesting substance indicate that it is a 
crystalline inclusion compound ® and not a semiacetal. The solid shows a band near 


Oxidation of unsaturated alcohols by tetrachloro-\ : 2-benzoguinone. 


No Alcohol Temp. Time * Yield (%) 
b. CAPNSCH CiiOUl siiadinndiidncdiaitirdenne 20° 2 hr. 53 
ee 20 16 br. 100 
ay tS Ee Ss esbv ep tas eorennits sebtcecas odd) s 34 8 hr. 85 
S CHPRACMe CHAI © ixisiss hlié.ccaptecdinitsices.s... 20 2 br. 67 
S CORPO CII pea checitrameneetr ed iscnsteenereees 20 4 days 47 
4 CHPh=CHCHMe-OH  .ssssoccscocoteccccecscceeecceee % 2 days 72 
5 COMMOCHIMGONE cies ccossssectlscsinavecsssseerdersese.. 20 18 hr. 57 
©  CPRECCHPROH .....:csscnorosessecdesessecsacecsosseeee 20 16 hr. 63 
7 CPh=C-CH(OH)-CH=CHPh a 10 min yt 
8 PhCHyOH ......... “eal 20 3 Gays 39 
y ral 8s 3 br. 67 
D PhCHOH sesosrsvesroee = 20 7 days 42 
10 Ph-CH(OH)-CH=CI acs ol 6 days 66 
1] CHMe=CH-CH=CH-CHyOH oo... ccc ccc eeccceees 78 15 min 39 
12 CHMe=CH-CH(OH)-CH=CHMe ...........-..0-..0-.-.. 20 15 hr #7 
13 Cholest-4-en-BB-Ol ....cssecerecsrsenrerscerceeerereseeeeeces 20 20 hr 55 


* For details, see experimental section, 


1650 cm.! ascribable to the conjugated-carbony! stretching frequency, though slightly 
displaced with respect to the band (at 1657 cm."') exhibited by cinnamaldehyde itself, 
while in dilute solution both the infrared and the ultraviolet light absorption are approx- 
imately additive with respect to the two components, 

Benzyl alcohol is oxidised more slowly than cinnamy!| alcohol, while 1 : 5-diphenylpent- 
l1-en-4-yn-3-ol (no. 7) is oxidised considerably faster. In general, reactivity increases with 
the extent of conjugated unsaturation, but secondary react less readily than primary 
alcohols. Alicyclic alcohols appear to react more readily than do their acylic analogues, 
as shown by the oxidation of cholest-4-en-3-ol to cholest-4-en-3-one under conditions under 
which allyl alcohol is attacked only very slowly. In the case of compounds prone to 
anionotropic rearrangement, such as 1-phenylally| alcohol (no. 10) and hepta-2 ; 5-dien- 
4-ol (no. 12), acid-catalysed isomerisation appears to take place under the influence of 
tetrachlorocatechol, since mainly the oxidation products, (cinnamaldehyde and hepta-3 ; 5- 
dien-2-one) derived from the rearranged alcohols are obtained. 

Although kinetic studies have not yet been carried out, the qualitative results show 
that these reactions have the characteristics of bimolecular, rather than chain, reactions 
and are comparable in this respect with the dehydrogenation of hydroaromatic compounds 
by quinones.*! The latter process is considered to involve two steps, the slow abstraction 
of a hydride anion from the donor by the quinone, acting as electrophilic reagent, followed 
by a rapid transfer of a proton. The present observations can be rationalised in a similar 
fashion. The first step will be an electrophilic attack on the C-H bond of the SCH-OH 
group to give the conjugate acid of the corresponding aldehyde or ketone, and the quinol 
anion QH~. In non-polar solvents these two intermediates will remain associated as an 
ion-pair and rapidly exchange a proton to give the products 


R,CH'OH + Q—— R,C=OH.QH —» R,C=O + QH, 


The contrast in behaviour between saturated alcohols, which are not oxidised under 
such conditions, and unsaturated alcohols undoubtedly arises because the positive ions 
derived from allylic and related systems are stabilised by charge-resonance (see summary) 
which will assist the removal of the hydride anion. In this respect there is a close 
parallelism with hydrocarbon donors which also undergo comparable dehydrogenation 

* Cf. Powell, /., 1948, 61; Schlenk, Sand, and Tillotson, /. Amer. Chem. Soc., 1966, 77, 3687. 


* Braude, ne man, and Linstead, /., 1954, 3548, 3564. 
%” Braude, Brook, and Linstead, J., 1954, 3569. 
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only at allylic or benzylic centres. Thus, the reaction succeeds in the formation of 
conjugated carbon-carbon double bonds in one case and of conjugated carbon-oxygen 
double bonds in the other. Oxygen-containing donors are, however, intrinsically much 
more reactive than hydrocarbon donors, as shown, for example, by comparing benzyl 
alcohol, which is oxidised rapidly at 35° by tetrachloro-1 ; 2-quinone, with ethylbenzene 
which is dehydrogenated extremely slowly under such conditions." Since the overall 
resonance-energy gains in the two cases are similar, the difference in reactivity must be 
ascribed to the effect of the OH group on the ease of fission of the C-H bond in H-CHPh-OH 
compared with that in H-CHPh-CH,. The marked facilitation is indeed to be expected 
since the OH group, owing to its mesomeric effect, will increase the resonance stabilisation 
of the intermediate ion and provide a seat for the positive charge. 

There is a close relation between the thermal dehydrogenation of unsaturated alcohols 
by quinones, and the Oppenauer oxidation ™ of alcohols in which quinones “ or other 
carbonyl compounds are employed as hydrogen acceptors in the presence of aluminium 
alkoxides, Like the present reaction, the Oppenauer oxidation is thou¥*€ to involve ™ the 
transfer of hydride anion but, unlike the present reaction, it succeeds with saturated 
donors owing to the intervention of the catalyst which facilitates the fission of the C-H 
bond. 

The only other reagents known to cause selective oxidation of allylic and related alcohols 
are activated manganese dioxide '5 6 and 2 ; 4-dinitrophenylhydrazine.'*!* The mechan- 
ism of oxidation by the former (carried out heterogeneously) has not been elucidated and 
the level of reduction reached by the oxide (which is used in large excess) in unknown, It 
is not unlikely, however, that one of the products is manganous hydroxide, Mn(OH),, and 
that the process closely resembles that described above, with manganese dioxide taking 
the place of a high-potential quinone. (The reduction potential of manganese dioxide 
is about 1-25 v, which is considerably higher than that of o-chloranil, 0-87 v.) Support 
for this view comes from the interesting observation ™»*° that manganese dioxide, like 
high-potential quinones,44*! can induce aromatisations which entail migration of alkyl 
groups and almost certainly involve abstraction of hydride-ions. 

The sequence of reactivity observed in the oxidation of allylic and related alcohols by 
2: 4-dinitrophenylhydrazine runs parallel, at least qualitatively, to that found with 
o-chloranil. Reactivity inereases with increasing conjugated unsaturation in the alcohol, 
and this is to be expected since resonance stabilisation in the intermediate ion and in the 
product will increase likewise. Oxidation by 2: 4-dinitrophenylhydrazine proceeds only 
under acidic conditions and the hydrazinium cation R-NH-NH,* has been postulated as 
the reactive entity.?7 Such a cation will clearly be a powerful hydride-ion acceptor, 
although the hydrogen-transfer in this case is regarded as a cyclic rather than a two-step 
process 

EXPERIMENTAL 

Analytical data were determined in the organic microanalytical (Mr. F. H. Oliver and staff) 
and spectroanalytical (Mr, R. L. Erskine and Mrs, A, I. Boston) laboratories of this Department. 

Geneval Procedure.-E-xcept where otherwise noted, the oxidations were carried out as 
follows: A solution approximately 0-2mM with respect to the alcohol and the quinone, and 


'! Tiraude, Linstead, and Lowe, unpublished work. 

'* For a review, see Djerassi, Org. Reactions, 1951, 6, 207. 

' Inter al., Wettatein, Helv. Chim. Acta, 1940, 28, 388; Adkins and Franklin, /. Amer. Chem. Soc., 
1941, 68, 2381; Ruzicka and Rey, Helv. Chim, Acta, 1941, 24, 529; Ruzicka Rey, Spillmann, and 
Baumgartner, tbid., 1943, 26, 1653; Heilbron, Jones, and Robins, /., 1949, 444; Djerassi, J. Amer. 
Chem, Soc,, 1949, 71, 1003; Braude and Timmons, /., 1950, 2007, 

# Jackman and Macbeth, J., 1952, 3252; Doering and Aschner, ]. Amer. Chem. Soc., 1953, 75, 393; 
Williams, Krieger, and Day, tbid., p. 2404. 

'* Weedon, Ann, Reports, 1963, 50, 169. 

'* Harfenist, Bavley, and Lazier, /. Org. Chem., 1954, 19, 1608; Highet and Wildmann, J. Amer. 
Chem. Soe., 1955, 4399. 

'' Braude and Forbes, J., 1951, 1762. 

'* Franzen, Chem. Ber., 1965, 88, 717. 

'* Maxwell and Thirsk, /., 10565, 4054, 4057. 

* Bichli and Karrer, Helv. Chim. Acta, 1956, 38, 1863. 

*! Beames, Draude, Jackman, and Linstead, Chem. and Ind., 19564, 1174. 
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containing a slight excess of the latter, was kept in the dark or heated under nitrogen. It was 
then passed through a short column of alumina, and the oxidation product was eluted with 
chloroform and isolated or converted into a derivative in the usual way. 

Oxidation of Cinnamyl Alcohol (No. 1).—(a) The alcohol (0-5 g.) and quinone (0-04 g.) in 
carbon tetrachloride (70 ml.) were kept at room temperature for 15 hr. Most of the solvent was 
removed at 20 mm., and the residue crystallised from carbon tetrachloride, giving the cinnamal- 
dehyde-tetrachlorocatechol complex (1-4 g.) as colourless needles, m. p. 90°, undepressed on 
admixture with the sample described below. 

Treatment of the complex with Brady's reagent gave cinnamaldehyde 2 : 4-dinitropheny]l- 
hydrazone, m. p. and mixed m. p. 253°. Dissolution of the complex in acetic acid, followed by 
addition of water, gave tetrachlorocatechol which after sublimation under reduced pressure had 
m. p. and mixed m. p. 193°. 

(6) A solution of the alcohol (0-5 g.) and quinone (0-9 g.) in chloroform was kept for 2 hr, at 
room temperature. Working up gave cinnamaldehyde 2: 4-dinitrophenylhydrazone (0-62 g., 
53%), m. p. 253°, 

(c) A similar experiment in refluxing ether (150 ml.) gave, after 8 hr., 0-08 g. (85%) of 
cinnamaldehyde 2 : 4-dinitrophenylhydrazone. 

(4) The alcohol (0-13 g.) and 2: 3-dichloro-5 : 6-dicyano-1 ; 4-benzoquinone (0-22 g.) in 
chloroform after 24 hr, gave 0-30 g. (26%) of cinnamaldehyde 2 : 4-dinitrophenylhydrazone. 

Cinnamaldehyde—Tetrachlorocatechol Complex.—An authentic sample was prepared by adding 
cinnamaldehyde (0-68 g.) to a suspension of tetrachlorocatechol (1-38 g.) in carbon tetrachloride. 
When the mixture was heated to the b. p., nearly all the catechol went into solution. After 
filtering and cooling, the complex was deposited as colourless needles, m. p. 89°, smelling faintly 
of cinnamaldehyde (Found: C, 46-8; H, 3-0; Cl, 369. C,H,O,C,H,O,Cl, requires C, 47-3; 
H, 26; Cl, 37-4%). Infrared absorption (paraffin mull): Medium-intensity bands at 3140 
(O-H stretching), 1650 (conjugated C=O stretching), 1623 (C=C stretching), 1590, 1563, 1399, 
1311, 1292, 1261, 1202, 1268, 1160, 1140, 1017, 983, 809, 756, 741, 679, and 670 cm.; in CCl, 
medium and strong bands at 3515 (H-bonded O-H stretching), 1683 (C=O stretching), 1626 
(C=C stretching), 1456, 1393, 1316, 1285, 1205, 1178, 1120, 987, and 911 cm.*. Ultraviolet 
light absorption in hexane (0-01%) : Amex 2160 A (€ 32,000) and 2800 A (¢ 27,000), 

Other Oxidations,—-Reactions were carried out at room temperature unless otherwise stated. 
Yields are given in the Table, Some of the lower yields are based on the results of single experi- 
ments and could undoubtedly be increased by varying the conditions. 

No, 2. a-Methylcinnamy] alcohol (0-5 g.) and o-chloranil (0-83 g.) in chloroform after 2 hr. 
gave a-methylcinnamaldehyde isolated ag the 2: 4-dinitrophenylhydrazone (0-74 g.) which 
crystallised from ethyl acetate-light petroleum (b. p, 60—-80°) in red plates, m, p, 209-—210°, 
max, 3900 A (e 42,000 in CHCI,) (Found: C, 59-0; H, 4-5; N, 16-9. C,,H,,O,N, requires C, 
58-9; H, 43; N, 17-2%),. 

No. 3. a-Methyl-6-phenylcinnamy! alcohol (0-49 g.; m. p. 59°) and o-chloranil (0-54 g.) in 
ethanol (20 ml.) after 4 days gave a-methyl-§-phenylcinnamaldehyde (2-methyl-3 : 3-diphenyl- 
prop-2-enal) isolated as the 2 : 4-dinitrophenylhydrazone (0-41 g.), m. p. 242—248°, d,., 3060A 
(¢ 36,000 in chloroform) (Found: N, 14-2, C,,H,,O,N, requires N, 13-90%), 

No. 4. 1-Methyl-3-phenylallyl alcohol (0-62 g.) and o-chloranil (1-6 g.) in chloroform after 
48 hr. gave benzylideneacetone 2 ; 4-dinitrophenylhydrazone (1-0 g.), m. p. and mixed m, p, 223°, 

No. 5. 4-Phenylbut-3-yn-2-ol (0-5 g.) and o-chloranil (0-85 g.) after 18 hr. in chloroform gave 
4-phenylbut-3-yn-2-one isolated as the 2: 4-dinitrophenylhydrazone (0-63 g.), m. p. 188-—190°, 

No. 6. 1 : 3-Diphenylprop-2-yn-1-ol (0-5 g.) and o-chloranil (0-6 g.) in ethanol (20 ml.) after 
16 hr. gave 1 : 3-diphenylprop-2-yn-l-one isolated as the 2: 4-dinitrophenylhydrazone (0-61 g.), 
m, p, 216—218° (Found: N, 14-9, C,,H,,O,N, requires N, 14-56%). 

No. 7. 1: 5-Diphenylpent-1-en-4-yn-3-ol (1 g.; m. p. 69°) and o-chloranil (1-1 g.) in ethanol 
(20 ml.) after 10 min. gave 1 : 5-diphenylpent-1-en-4-yn-3-one isolated as the 2 : 4-dinitrophenyl- 
hydrazone (1-61 g.) which crystallised from ethyl acetate-light petroleum (b. p. 60-—80*) in 
needles, m. p. 231—232°, Ama, 4100 A (e 29,000 in CHCI,) (Found: N, 140, Cys yO N, 
requires N, 13-6%). 

No, 8. Benzyl alcohol (1 g.) and o-chloranil (2-3 g.) in refluxing ether (60 ml.) after 3 hr. gave 
benzaldehyde, isolated as the 2: 4-dinitrophenylhydrazone (1-76 g.), m. p. and mixed m, p. 230- 
240°. A similar experiment with the alcohol (0-6 g.) and quinone (41-1 g.) in chloroform at room 
temperature for 3 days gave 0-52 g. of 2: 4-dinitrophenylhydrazone. 

No. 9. Diphenylmethanol (0-92 g.) and o-chloranil (1-2 g.) in chloroform after 7 days gave 
benzophenone, isolated as 2; 4-dinitrophenylhydrazone (0-45 g.), m. p. and mixed m. p. 245”, 
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No. 10. 1-Phenylallyl alcohol (1 g.) and o-chloranil (1-8 g.) in carbon tetrachloride were 
shaken for 6 days at room temperature until the mixture was colourless. After filtration, the 
solution was passed through an alumina column, and the column was eluted with chloroform. 
The combined eluates were evaporated and the residue was treated with Brady's reagent. The 
precipitate was crystallised from ethyl acetate, giving cinnamaldehyde 2: 4-dinitrophenyl- 
hydrazone (1-1 g., 47%), m. p. and mixed m. p. 261°, and a more soluble derivative (0-45 g., 19%), 
Mm. p. 150-160", Xe, 3860 A (¢ 26,000 in CHCI,) (Found: N, 18-1. C,,H,,O,N, requires N, 
17-9%,). This is probably another form of phenyl vinyl ketone 2 : 4-dinitrophenylhydrazone for 
which Ramirez and Kirby * report m. p, 195—196°, d,,4, 3830 (¢ 27,800). 

No. 11, Serbyl aleohol (1-15 g.) and o-chloranil (2-9 g.) in refluxing ethanol (25 ml.) after 
15 min. gave sorbaldehyde, isolated as the 2: 4-dinitrophenylhydrazone (1-25 g.), red needles, 
m, p. and mixed m. p. 193°, 

No. 12. Hepta-2 : 6-dien-4-ol ™ (1 g.) and o-chloranil (2-2 g.) in chloroform (30 ml.) after 
16 hr gave hepta-3 : 6-dien-2-one, isolated as the 2: 4-dinitrophenylhydrazone (2-26 g.), m. p. 
eo » emmy, 3980 A (¢ 30,000 in CHCI,) (Found : C, 63-4; H, 5-0; N, 19-3. Calc, forCy,H,,O,N, : 

C, 563-8; H, 48; N, 193%). Ahmad and Weedon ™ give m. p. 205-—206°. 

No, 13. Cholest-4-en-38-ol (78 mg.; m. p. 126°; kindly supplied by Dr. W. Klyne) and 
o-chloranil (50 mg.) in chloroform after 20 hr. gave cholest-4-en-3-one isolated as 2: 4-dinitro- 
phenylhydrazone (65 mg.), m. p. and mixed m, p. 225-—226°. 


The work described in this paper was presented, in part, at the XI Vth International Congress 
of Pure and Applied Chemistry in Ziirich on July 25th, 1955. The award of a Beit Research 
Fellowship (to K. R. H. W.) is gratefully acknowledged. 
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594. A New Synthesis of 6: 8-Thioctic Acid. 
By E. A. Braupe, R. P. Linsreap, and K. R. H. Woo._prince. 


6 ; 8-Thioctic acid (I) has been synthesised by a new route starting from 
hept-6-enoic acid.’ A Prins reaction with paraformaldehyde yields a mixture 
of 6: 8-methylenedioxyoctanoic acid (II; R =H) and 6: 8-diacetoxy- 
octanoic acid (IIL; RK = H) which is converted into methy! 6 : 8-dihydroxy- 
octanoate (IV; R = Me) and thence by known methods into 6 : 8-thioctic 
acid (five stages; overall yield 20-30%). Alternatively, the products of 
the Prins reaction can be converted directly into thioctic acid (three stages ; 
overall yield &%). 


Tue cyclic disulphide, 6 : 8-thioctic acid (I), was first isolated * in 1951 from liver and has 
been shown to fulfil a number of important biological functions, including those of growth- 
factor (" protogen "’) for certain bacteria and of co-enzyme (“‘ lipoic acid '’) for the oxidative 
decarboxylation of pyruvate. More recently, it has been suggested *® that 6 : 8-thioctic 
acid plays the part of hydrogen acceptor in the primary step of photosynthesis. In connec- 
tion with experiments on photochemical hydrogen-transfer in model systems, we required 
a supply of 6: 8-thioctic acid. Since none of the methods of synthesis ** known at the 
time appeared particularly convenient, we devised a new route which is described in this 


' Braude, Linstead, and Wooldridge, Chem. and Ind., 1955, 508; Braude, Proceedings of ‘“ Sym- 
posium su l'acido tioctico,” Naples, November, 1955. 

* Reed, DeBusk, Gunsalus, and Horn er, Science, 1961, 114, 93; Reed, Gunsalus,  Sneehenion 
Soper, Boaz, Kern, and Parke, J], Amer. hem. Soc., 1953, 75, 1267; Patterson, Pierce Stokstad, 
Hofimann, Brockman, Day, Macc i, and Jukes, ibid., 1954, 76, 1823. 

* Calvin and Barltrop, ibid., 1952, 74, 6153; Baritrop, Hayes, and Calvin, ibid., 1954, 76, 4348. 

* Hornberger, Heitmiller, Gunsalus, Schnakenberg, and Reed, ibid., 1953, 75, 1273. 

* Bullock, Brockman, Patterson, Pierce, ye Sanders, and Stokstad, ibid., 1954, 76, 1828. 

* Soper, Buting, Cochran, and Pohland, ébid., p, 4109. 
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paper. Starting from hept-6-enoic acid, it affords a 20-30%, overall yield of 6 : 8-thioctic 
acid in five stages, or 8% in only three stages. The best previous method * gave about 8% 
in six stages from 8-chloroformylvalerate, but in the meantime this has been much improved 
by Reed and Niu ’ and thioctic acid is now available commercially. A further synthesis 
which gives a low yield but permits the preparation of the optically active forms of the acid 
has also been published.* 


CH,:CH{CH,],CO,H  — > "i pone + CHyCHy-CH{CH,],CO,R 


vy, ore Ac Ac (II) 
H, (II) | 


deere ing <=. Lite iy 
H (V) H H (IV) 


gl 


“i CH{CH,],-CO,H ei a: °°. (Wh 
xi (1) H 


Hept-6-enoic acid was prepared by two methods : from tetrahydrofurfuryl alcohol by 
way of 5-bromopent-l-ene and pent-4-enylmalonic ester * or from tetrahydrofuran by way 
of 1-bromo-4-chlorobutane and hept-6-ynoic acid,’® with slight modifications of the 
procedures previously described. On a large scale, the first method was the more 
convenient. Addition of formaldehyde to hept-6-enoic acid proceeded readily in the 
presence of sulphuric acid in anhydrous acetic acid. A mixture of two products, evidently 
6 : 8-methylenedioxyoctanoic acid (II; R = H) and 6: 8-diacetoxyoctanoic acid cad 
R = H) in a ratio of about 5:1 was obtained. Both types of products have also been 
encountered in other cases.14_ The two acids were not easily separated, but their methyl 
esters were obtained pure by fractionation. Reaction of ethyl hept-6-enoate with 
formaldehyde under similar conditions afforded a lower yield of the ethyl ester (II; R 
Et), while ethyl undecenoate, for comparison, gave a mixture analogous to that obtained 
from heptenoic acid. The only other example of a Prins reaction with an unsaturated acid 
or ester appears to be that reported by Pigulevskii and Tatarskaya,’ who obtained a 4%, 
yield of an addition product of uncertain constitution by treating oleic acid with aqueous 
formaldehyde and sulphuric acid. 

Direct acid hydrolysis of the Prins reaction product from hept-6-enoic acid did not 
afford the desired 6; 8-dihydroxyoctanoic acid (IV; RK = H) but mainly a substance 
derived from it by the loss of one molecular proportion of water. This is evidently the 
e-lactone (VI) since the infrared spectrum shows the presence of a hydroxyl, but absence of 
a free carboxyl group; the carbonyl stretching frequency (1730 cm.~") is poss close to that 
shown by long-chain esters.4* Though few analogous cases have been exam the apparent 
ease of formation of the lactone (VI) is not unexpected; ™ thus, 6-hydroxyoctanoic 


? Reed and Ching-I Nia, J. Amer. Chem. Soc., 1966, '77, 4 
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12 Pigulevskii and Tatarskaya, Zhur. obschei Khim., 1960, 20, 1456; Chem. Abs., 1961, 46, 2480. 

4* Thompson and Torkington, J., 1945, 640; O'Connor, Field, and Singleton, /. Amer. Oil Chemists’ 
Soc., 1951, 154. 

14 (a) Blaise, C ¥ vend., 1909, 1. 1773; Bull. Soc. chim. France, 1910, 7, 411; (b) Marvel 
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acid lactonises when heated.* Lactonisation was avoided by first converting the 
mixture of acids into the methyl esters (Il and II1; R = Me) and then conducting the acid 
hydrolysis in excess of methanol so that the methoxycarbonyl group was preserved. In 
this way, an excellent yield of methy! 6 : 8-dihydroxyoctanoate (IV; R = Me) (83% from 
heptanoic acid) was obtained. 

The dihydroxy-ester was heated with thiourea and hydrogen iodide 51 and then 
hydrolysed by alkali, yielding directly 6: 8-dimercapto-octanoic acid (V). The average 
yield in this reaction was only 30°, and could not be raised by varying the conditions or by 
treating the crude product with sodium in liquid ammonia to reduce any polymeric sulphide 
formed. The final stage, oxidation of the dithiol to 6 : 8-thioctic acid, was effected almost 
quantitatively with iodine, or oxygen and ferric chloride, following known procedures.® 
The synthesis can be shortened by carrying out the thiourea~hydrogen iodide reaction 
directly on the crude product of the Prins reaction, but the overall yield is appreciably 
lower, probably owing to the formation of the lactone (VI) under the acidic conditions.'* 
A third variant, which has no practical advantage, involves the conversion of the dihydroxy- 
ester (IV; R = Me) into the dithiol (V) by successive toluene-p-sulphonylation, treatment 
with potassium thiolacetate,!? and alkaline hydrolysis. 


EXPERIMENTAL 


Analytical data were determined in the microanalytical (Mr, F. H. Oliver and staff) and 
spectroscopic (Mr. RK, L, Erskine and Mrs. A. I. Boston) laboratories of this Department. M. p.s 
were determined on a Kofler apparatus and are corrected. All solutions were dried over 
anhydrous sodium sulphate. 

Hept--enoic Acid.—This was best prepared by the method of Gaubert, Linstead, and 
Rydon.” 1-Bromopent-4-ene “ (206 g.; b. p. 132-——134°, n® 1-4657) was added during 0-5 hr. 
to a stirred solution obtained from ethanol (385 ml,), sodium (38-5 g.), and diethyl malonate 
(324 g.). The mixture was stirred for 16 hr. at room temperature and then worked up in the 
usual way, giving diethyl pent-4-enylmalonate (271 g., 85%), b. p. 134°/14 mm. The ester was 
hydrolysed when stirred overnight with water (250 ml.), ethanol (50 ml.), and potassium 
hydroxide (400 g.), and the crude acid, m. p. 86—-88°, obtained on acidification with sulphuric 
acid and extraction with ether was decarboxylated by slow distillation at 160°/20 mm. 
Fractionation through a short column gave hept-6-enoic acid (112 g., 75%), b. p. 74°/0-5 mm., 
n¥ 1-4388 (Gaubert ef al.® give b. p. 125°/15 mm., n\) 1-4404). Infrared light absorption (liquid 
film): bands at 2667 (medium, O-H stretching), 1808 (weak, CH, bending overtone), 1709 
(strong, C=O stretching), 1639 (weak, C=C stretching), 1287, 1236 (strong), 992 and 909 (medium, 
CH bending) em.“. 

Hept-6-enoic acid and the ethyl ester were also obtained from hept-6-ynoic acid,” but this 
method was less convenient on the scale required, Hept-6-ynoic acid (25 g.), b. p. 92°/0-5 mm., 
n™ 14514, and 5% palladium-charcoal (1-0 g.) were shaken in hydrogen until 4600 ml. at 
16°/761 mm. had been taken up, Distillation gave hept-6-enoic acid (20 g., 79%), b. p. 
85°/1 mm., #7?) 1-4387, 

Hept-6-ynoic acid (32 g.), ethanol (27 ml.), benzene (50 ml.), and sulphuric acid (3 ml.) were 
heated under reflux for 40 hr, The mixture was worked up in the usual way, giving ethyl 
hept-6-ynoate (30 g., 76%), b. p. 94°/20 mm., nf 1-4357 (Found: C, 70-3; H, 93, C,H,,O, 
requires C, 70-2; H, ®1%). The ester (15 g.), ethyl acetate (35 ml.), and 5% palladium- 
charcoal (1 g.) were shaken in hydrogen until 2400 ml, at 23°/761 mm. had been taken up. 
Distillation gave ethyl hept-6-enoate (11-5 g., 77%), b. p. 85°/30 mm., ni} 1-4235. 


* Further work (Braude, Elvidge, and Mahmoud, unpublished) shows that the acetyl derivative of 
the lactone (V1) is a neutral product of the Prins reaction. The formation of (VI) can be regarded 


ri 

as an intramolecular cyclisation of the intermediate carbonium ion HO-CH,-CH,°CH-[CH,)},CO ,H 
which competes with the reactions of the ion with formaldehyde to give (II), or with acetic acid to 
give (111) 

© Prank and Smith, J. Amer. Chem. Soc., 1946, 68, 2103. 

'* Campbell, /., 1955, 4218, has recently reported a similar failure of the thiourea reaction with the 
lactone of §-ethoxy-5-hydroxyoctanoic acid. 

*? Chapman and Owen, J., 1950, 579. 

‘* Brooks and Snyder, Org, Synth., Coll. Vol. IIL, p. 698; LaForge, Green, and Gersdorff, J. Amer. 
Chem. Soc,, 1948, 70, 3707. 
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Prins Reaction with Hept-6-enoic Acid.—Hept-6-enoic acid (50 g.) was added dropwise during 
45 min. to a stirred mixture of acetic acid (200 ml.), acetic anhydride (3 ml.), sulphuric acid 
(20 ml.), and paraformaldehyde (40 g.) at 40°. Sitrring was continued for 15 hr, at room 
temperature and then for 2 hr. at 90—100°. The resulting clear solution was cooled to 0° and 
slowly pouved into ice-water (2 |.), and the mixture was extracted with chloroform. The chloro- 
form solution was dried and evaporated and the amber-coloured residue was heated at 
100°/20 mm. to remove acetic acid. The remaining liquid (90 g.) was taken up in excess of 
saturated aqueous sodium hydrogen carbonate, and the solution was extracted with ether to 
remove traces of non-acidic products, treated with charcoal, acidified with 2n-hydrochloric acid, 
and extracted with chloroform. The chloroform solution was dried and fractionated, giving a 
mixture (82-5 g.) of 6: 8-methylenedioxyoctanoic acid (Il; R = H) and 6: 8-diacetoxyoctanoic 
acid (III; R =H), b. p. 166—174°/0-1 mm., nif 1-4650-—-1-4670 (Found: equiv., 226—247. 
Calc. for C,H,,O,: equiv., 118. Calc. for Caples : equiv., 260). The lower-boiling fractions 
were almost pure 6 ; 8-methylenedioxyoctanoic acid (Found: C, 57-4; H, 82. C,H,,O, requires 
C, 57-4; H, 86%). 

The mixed acids (10 g.) were treated with excess of diazomethane in ether, Fractionation 
afforded methyl 6: 8-methylenedioxyoctanoate (Il; K = Me) (5-4 g.), b. p. 112°/10* mm., af 
1-4519 (Found: C, 592; H, 89. Cy H,,O, requires C, 59-4; H, 9-0%), and methyl 6; 8-di- 
acetoxyoctanoate (111; R = Me) (1-0 g.), b, p. 140° (bath-temp.)/10™ mm., mn? 1-4625 (Found : 
C, 56-8; H, 80. C,,H,,O, requires C, 56-9; H, 81%). Infrared light absorption of the latter 
(liquid film) : strong bands at 1748 (C=O stretching), 1244 and 1038 (acetate) cm.”. 

Another portion of the mixture of acids (25 g.) was hydrolysed by 2n-sulphuric acid (100 ml.) 
and ethanol (20 ml.) at 100° for 4hr. Removal of the ethanol, addition of 2n-sodium hydroxide 
(150 ml.), heating at 100° for a further 4 hr., acidification and continuous ether-extraction for 
15 hr. gave an extract which was dried and fractionated, giving impure 6 : 8-dihydroxyoctanoic 
6-lactone (V1) (85 g.), b. p. 140° (bath-temp.)/10™ mm., nf 14738 (Found: C, 569-8; H, 8-8. 
C,H,,O, requires C, 60-75; H, 89%). Infrared light absorption (liquid film) : strong bands at 
1730 (C=O stretching) and 3436 cm.“ (OH stretching). 

Prins Reaction with Ethyl Hept-6-enoate.—Ethy| hept-6-enoate (b. p. 80°/18 mm.; 11g.) was 
added dropwise at 0° to a stirred mixture of paraformaldehyde (4-2 g.), acetic acid (27 g.), acetic 
anhydride (0-5 ml.), and sulphuric acid (3 mi.), The mixture was kept at 30—35° for 20 hr., 
diluted with water, and extracted with ether. The ether extract was washed successively with 
water, sodium hydrogen carbonate solution, and water, dried, and distilled, giving a mixture 
(8 g.), b. p. 70—140°/0-5 mm., ## 1-430-—1-451. Refractionation of the middle cuts afforded 
ethyl 6 : 8-methylenedioxyoctanoate, b, p. 120°/0-5 mm., n# 1-4492 (Found: C, 60-7; H, 9-0. 
Cy Hy, requires C, 61-1; H, 93%). 

Prins Reaction with Ethyl Undecenoate.—Ethy| undecenoate (b. p. 95°/1-6 mm.; 10 g.) was 
added dropwise to a stirred mixture of paraformaldehyde (4-2 g.), acetic acid (27 g.), and 
sulphuric acid (4-2 g.). The mixture was kept at 30-—35° for 24 hr, and then heated to 65° for a 
few minutes, to give a clear solution. This was diluted with water and extracted with ether, 
and the ether extract was treated as above, giving a mixture (6 8. ), b. p. 160-—-170°/0-5 mm., ne 
1:-4600--1-4655 (Found: C, 64:3; H, 9-6. Cale. for C,,H,,O,: C, 66-2; H, 10-3, Cale, for 
CygHy,O,: C, 62:8; H, 9-3%). 

Methyl 6: 8-Dihydroxyoctanoate (IV; R = Me),--Crude product (118 g.) from the Prins 
reaction of heptenoic acid (62 g.) was treated with excess of diazomethane in ether. The solvent 
was removed and the mixture of esters heated under vigorous reflux with dry methanol (11,) and 
sulphuric acid (5 ml.) under a Fenske column fitted with a total condensation take-off head 
operating at a reflux ratio of 40:1, so that methy! acetate and dimethoxymethane were 
continually removed. Additional methanol was added at intervals to maintain the volume. 
After 24 hr., only pure methanol distilled and the solution was cooled, neutralised with a slight 
excess of aqueous sodium hydrogen carbonate, concentrated under reduced pressure to remove 
methanol, diluted with water, acidified with hydrochloric acid, and extracted with ether. From 
the extract, unchanged ester (18 g.) was recovered. 

The aqueous solution was again neutralised with sodium hydrogen carbonate and then 
concentrated at 100°/20 mm, The semisolid residue was extracted three times with boiling 
chloroform, and the extract was fractionated, giving methyl 6 : 8-dihydroxyoctanoate (66 g., 83%, 
from heptenoic acid allowing for recovered ester), b. p. 110-—115° (bath-temp.)/10 mm., n? 
1-4667 (Found: C, 56-8; H, 93. C,H,,O, requires C, 568; H, 95%). Infrared light 
absorption (liquid film): strong bands at 3448 (O-H stretching), 1736 (C=O stretching), 1256, 
1202, 1160, 1095 (secondary C~O stretching), 1055 (primary C~-O stretching), 1001, and 970 cm.", 
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6: &-Thioctic Acid (1),-—First method (cf. ref. 6). Crude methyl 6 : 8-dihydroxyoctanoate 
(20 g.), thiourea (60 g.), and 55%, hydriodic acid (150 g.) were heated under reflux for 24 hr. 
After cooling, potassium hydroxide (90 g.) in water (300 ml.) was added and the mixture was 
refluxed for 12 hr. under nitrogen, It was then extracted with ether, acidified with 2n-hydro- 
chloric acid, and extracted with chloroform. The chloroform was removed and the residue 
(11-5 g.) was dissolved in liquid ammonia (ca. 100 ml.), Sodium (1 g.) was added in small pieces 
until a permanent blue colour remained, The colour was then discharged by the addition of 
solid ammonium chloride, and the ammonia was allowed to evaporate overnight. The residue 
was dissolved in water, acidified with hydrochloric acid, and extracted with chloroform. The 
extract was dried and distilled, giving 6: 8-dimercapto-octanoic acid (6-0 g.), b. p. 140— 
146°/0-1 mm., nf 16228. This, on oxidation with ferric chloride and oxygen® afforded 
DL-6 : &-thioctic acid (6-2 g., 19-6% based on heptenoic acid), which crystallised from light 
petroleum (b. p. 40—60°) as yellow crystals, m. p. 60°, A... 3330 A (¢ 230 in CCI,), 3320A 
(e 150 in EtOH) (Found; C, 46-9; H, 69; S, 30-5. Cale, for C,H,,0,5,: C, 46-6; H, 6-8; 
S, 311%). The m. p. was undepressed on admixture with a specimen kindly supplied by 
Dr. L. J. Reed. This represents a typical run; the yield of the thiourea~hydriodic acid reaction 
varied considerably under apparently identical conditions and overall yields of up to 32% were 
attained on a smaller scale. 

Second method, The crude mixed acids (9-3 g.) from the Prins reaction on hept-6-enoic acid 
were heated with thiourea (15 g.) and 55%, hydriodic acid (45 ml.) for 65 hr. After cooling, 
sodium hydroxide (60 g.) in water (50 ml.) was added and the mixture was refluxed under 
nitrogen for 6 hr. It was then extracted with ether, acidified with 2n-sulphuric acid, and 
extracted with chloroform. The extract was dried and the solvent removed, Distillation of 
the yellow oil (4-6 g.) which remained afforded 6 ; 8-dimercapto-octanoic acid (1-5 g.), b. p. 160— 
162°/10° mm. (Found: S, 20-8%). Oxidation as above gave 6: 8-thioctic acid (1-1 g., 84% 
based on heptenoic acid), m. p. 60°. 

Thivd method (cf, ref. 17), Methyl 6: 8-dihydroxyoctanoate (6-5 g.) in pyridine (10 ml.) 
was added dropwise at 0° to a stirred solution of toluene-p-sulphony] chloride (20 g.) in pyridine 
(20 ml.), and the mixture was kept at 0° for 18 hr. Ice-water (20 ml.) was then added and the 
mixture shaken with freshly distilled chloroform (100 ml.). The chloroform layer was separated, 
extracted repeatedly with n-sulphuric acid, washed with water, and dried. Removal of the 
solvent gave an oil (10-8 g.) which deposited a small amount of solid at 0°. The solid was 
separated and crystallised from methanol-light petroleum (b. p. 60-—-80°) to give the mono- 
toluene-p-sulphonyl derivative, m. p. 80-—82° (Found: C, 56-4; H, 6-9; S, 93. C,,H,O,S 
requires C, 56-8; H, 7-0; S, 93%). 

The crude ditoluene-p-sulphonate, potassium thiolacetate (6 g.), and acetone (‘‘ AnalaR ”’; 
50 ml.) were heated under vigorous reflux for 14 hr. The mixture was cooled to 0° and the 
solid (8-2 g.) which separated was filtered off and washed with acetone. The acetone solution 
and washings were evaporated and the residue was dissolved in ether. The ether solution was 
extracted with water, dried, and distilled, giving impure methyl 6 : 8-diacetylthio-octanoate 
(45 g.), b. p. 135-—-140° (bath-temp.)/5 « 10° mm., nf 15075 (Found: S, 18-0. Calc. for 
CygllyO,5,: S$, 21-0%). 

The diacetyl derivative was refluxed under nitrogen with 2n-potassium hydroxide (35 ml.) 
until the mixture was homogeneous (90 min.). The solution was cooled, acidified with 2n- 
sulphuric acid, and extracted with chloroform. The extract was dried and evaporated, giving a 
pale yellow oil (2-0 g.) which was dissolved in aqueous sodium hydrogen carbonate (100 ml.). 
A dilute solution of iodine in aqueous potassium iodide was added until a permanent colour 
remained. The colour was discharged by a few drops of aqueous sodium thiosulphate and the 
mixture was acidified and extracted with chloroform. The chloroform extract was dried and 
distilled, giving as the main product (0-30 g., 4% from methy! 6 : 8-dihydroxyoctanoate) a 
fraction, b. p. 140° (bath-temp.)/5 x 10“ mm., which solidified and then had m, p. 44—48°. 
Crystallisation from light petroleum (b. p. 40-—60°) afforded 6 ; 8-thioctic acid, m. p. 60°. 


The work described in this paper was carried out during the tenure by one of us (K. R. H. W.) 
of a Beit Research Fellowship which is gratefully acknowledged. 
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595 N-Ozxides of Some Hydroxy- and Amino-quinolines. 
By D. E. Ames, C. S. Frankuin, and T. F. Grey. 


The N-oxides of certain hydroxy- and amino-quinolines bearing a hepty! 
substituent group have been prepared, but attempts to synthesise 2-amino- 
4-hydroxyquinoline 1-oxide were unsuccessful. 


LicutBown ! has isolated fromPseudomonas pyocyanea cultures a mixture which was an 
antagonist of dihydrostreptomycin and which, in higher concentrations, inhibited the 
growth of Staphylococcus aureus.* The mixture was shown by Cornforth and James * 
to contain 2-heptyl-4-hydroxyquinoline l-oxide (1; R = OH) and smaller amounts of 
2-octyl and 2-non-2’-enyl compounds. In contrast, Lott and Shaw ‘ (see also refs. 5 and 6) 
reported that 4-hydroxyquinoline 1-oxide does not show antibacterial properties, although 
the 2-hydroxy-isomer is significantly active. In view of the properties thus conferred by 
the heptyl group, we prepared the compounds (I; R = OH and NH,) and some related 
compounds for more general biological examination. 

_ Although Cornforth and James * synthesised the oxide (I; R = OH), details have 
not yet been published.* Our first projected synthesis requires 2-heptyl-4-nitroquinoline 
l-oxide which should be a convenient source of both the 4-amino- and the 4-hydroxy- 
compound (cf. Ochiai 7). 2-Heptylquinoline l-oxide could not, however, be nitrated, 
although Ishikawa *® described the nitration of quinaldine N-oxide. As an alternative, 
2-heptyl-4-hydroxyquinoline was converted into the 4-chloro- and thence into the 4- 
benzyloxy-compound. Oxidation of the latter with perbenzoic acid * afforded 4-benzyloxy- 
2-heptylquinoline 1-oxide which was catalytically debenzylated to give the desired oxide 
(I; R = OH) in 48% overall yield. Similarly 6-heptyl-4-hydroxyquinoline was converted 
into the corresponding oxide. 


B OH OR’ 
.. Co His S = 
5 g 


(1) (Ih) (HH) 


As a preliminary to the preparation of alkyl-substituted 4-aminoquinoline 1-oxides, 
the readily accessible 4-amino-7-chloroquinoline was used. Its diacetyl derivative with 
perbenzoic acid furnished the N-oxide which was hydrolysed to the amino-oxide ; 4-amino- 
2- and 4-amino-6-heptylquinoline l-oxide were prepared similarly, 2-Heptyl-4-p-tolyl- 
thioquinoline was obtained by condensation of toluene-p-thiol with 4-chloro-2-heptyl- 
quinoline but could not be oxidised to the sulphonyl-N-oxide, Finally, we hoped to 
prepare 2-amino-6-heptyl-4-hydroxyquinoline l-oxide (II); preliminary experiments 
with 2-acetamido-4-acetoxyquinoline (III; R = NHAc, R’ = Ac) did not give the 
N-oxide. Then ethyl 4-chloroquinaldate was converted into 4-benzyloxyquinaldic acid 
and its methyl ester; the latter did not react with perbenzoic acid but gave the hydrazide 
from which 4-benzyloxy-2-diacetylaminoquinoline (III; R = NAcg, R’ = CH,Ph) was 
obtained by the Curtius reaction. Although this compound reacted readily with per- 
benzoic acid, no oxide could be isolated and much of the reactant was recovered. Side- 
reactions evidently occur to some extent during the oxidations with perbenzoic acid and 


* (Added, June 26th, 1956.) Cornforth and James (Biochem. J., 1956, 68, 124) have recently described 
the synthesis of the oxide (1; R= OH) and two homologues by three methods 

' Lightbown, J. Gen. Microbiol., 1954, 11, iv. 

* Lightbown and Jackson, Biochem. J,, 1964, 68, xlix, 

* Cornforth and James, ibid., p. xlviii. 

* Lott and Shaw, J. Amer. Chem. Soc., 1949, 71, 70. 

* Newbold and Spring, /., 1948, 1864. 

* Cunningham, Newbold, , and Stark, J., 1949, 2001 

? Ochiai, J. Org. Chem., 1953, 18, 534. 

* Ishikawa, J. Pharm. Soc. Japan, 1945, 3, A, 4. 
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probably account for the rather low yields in some of the other oxidations described ; 
Lott and Shaw #* also found that reaction of perbenzoic acid with some benzyloxy-com- 
pounds was unsatisfactory. 

Jaffé® has recently shown (contrast earlier work *) that 4-hydroxy- and 4-amino- 
pyridine 1-oxide exist in solution as such and not as the tautomeric 1-hydroxypyrid-4-one 
(and the corresponding imine), The compounds described above are therefore considered 
by analogy to have the N-oxide forms (Lott and Shaw * suggested 1-hydroxyquinol-4-one 
structures), 


EXPERIMENTAL 


Substituted Quinoline 1-Oxides,—-The quinoline in chloroform (ca. 2 c.c./g.) was cooled at 0° 
while perbenzoic acid (1-0—1-1 mol.; 0-2—0-4m-solution in chloroform) was added gradually. 
After being kept at 0° overnight, the mixture was washed with sodium hydrogen carbonate 
solution and water, dried (MgSO,), and evaporated under reduced pressure. 

2-Heptylquinoline.-A stirred solution of sodamide (from 23 g. of sodium) in liquid ammonia 
was treated successively with quinaldine (143 g.) and hexyl bromide (165 g.) in ether (150 c.c.). 
The mixture was stirred under reflux for 2 hr, and then allowed to evaporate overnight. Isolated 
by addition of water (1 1.) and extraction with carbon tetrachloride, 2-heptylquinoline (53 g.) dis- 
tilled as a colourless oil, b. p. 118-—122°/0-2 mm., nf? 1-5499 (Found: C, 84-1; H, 9-6; N, 6-3. 
Cy gH,,N requires C, 84-5; H, 9-3; N, 62%). The picrate separated from methanol in rods, 
m. p. LOL--102° (Found: C, 58-3; H, 5-4. C,,H,,O,N, requires C, 57-9; H, 53%). 

2-Heptylquinoline 1-Oxide,-—The base (42 g.) was oxidised by the general procedure to give 
the owide (24 g.) as a pale yellow oil, b. p. 172°/0-6 mm., which solidified and crystallised from 
light petroleum (b. p, 40-—60°) in needles, m. p. 37-—-38° (Found: C, 78-5; H, 86; N, 5-9. 
CygH,,ON requires C, 79-0; H, 8-7; N, 58%). 

4-Benzyloxy-2-heptylquinoline,-2-Hepty]-4-hydroxyquinoline (45 g.; Wells ") was refluxed 
with phosphorus oxychloride (125 ¢.c.) for 1 hr, The mixture was poured on ice and basified 
with 5n-sodium hydroxide, the product being isolated with ether, 4-Chloro-2-heptylquinoline 
(45 g.) had b. p. 124-—127°/0-1 mm., nf? 156642 (Found: C, 73-3; H, 7-5; N, 5-4. C,,H,NCl 
requires C, 73-4; H, 7-7; N, 6-4%). 

A solution of potassium hydroxide (13-2 g.) in benzyl alcohol (170 c.c.) and xylene (365 c.c.) 
was refluxed until no more water could be removed (phase separator). The chloro-amine 
(26-3 g.) was added and the mixture heated (bath 210°) for 2 hr. and then poured into water, 
the product being isolated with ether. 4-Benzyloxy-2-heptylquinoline (26-2 g.) was obtained 
as a colourless oil, b. p, 210-—-215°/0-56 mm., n} 15815 (Found: C, 82-8; H, 80; N, 4-5. 
CygH,,ON requires C, 82-8; H, 8-2; N, 42%). 

2-Heptyl-4-hydroxyquinoline 1-Oxide,-The foregoing benzyloxyquinoline (26-2 g.) was 
oxidised with perbenzoic acid by the general procedure, The crude solvent-free product was 
hydrogenated in ethanol (150 c.c.) over 5% palladised strontium carbonate (2 g.), and the 
solution filtered at the b. p. On cooling, the hydroxy-oxide (13-5 g.; m. p. 153—155°) 
separated; recrystallisation from ethyl methyl ketone gave needles, m. p. 156—157° (Found : 
C, 73-6; H, 80; N, 8&6. Cale, for C,,H,,O,N : C, 741; H, 82; N, 54%). 

Ethyl p-Heptyianilinomethylenemalonate.—-A mixture of p-heptylaniline (48 g.), ethyl ethoxy- 
methylenemalonate (55 g.), and benzene (200 c.c.) was refluxed and ethanol removed azeo- 
tropically during 30 min, Evaporation under reduced pressure afforded the ester (94 g.), nif 
1-5525 (Found: C, 69-4; H, 85; N,40. C,,H,,O,N requires C, 69-8; H, 87; N, 3-9%). 

3-Ethoxycarbony!-6-heptyl-4-hydroxyquinoline,--Diphenyl-diphenyl ether (450 c.c.) was 
refluxed while the foregoing ester (46 g.) was added dropwise during 20 min. After the solution 
had been refluxed for a further 30 min., it was cooled and poured into light petroleum (b. p. 
40—60° ; 900c.c.). Reerystallisation of the precipitate from ethanol furnished 3-ethoxycarbonyl- 
6-heptyl-4-hydroxyquinoline (50 g.), m. p. 233° (Found: C, 72-5; H, 8-0; N, 46. CygH,,O,N 
requires C, 72-4; H, 80; N, 44%). 

6-Heptyl-4-hydroxyquinoline.—The ester (60 g.) was hydrolysed for 30 min. with boiling 
2.-sodium hydroxide (400 c.c.). Acidification gave 6-heptyl-4-hydroxyquinoline-3-carboxylic 
acid (23 g.) which separated from aqueous acetone in needles, m, p, 192—-193° (Found: C, 71-3; 


* jafté, J. Amer, Chem, Soc,, 1955, 77, 4445, 4451 
1° Shaw, ibid., 1049, 71, 67 
1) Wells, /. Biol. Chem., 1962, 196, 335. 
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H, 7-3; N, 48. C,,H,,O,N requires C, 71-1; H, 7-4; N, 40%). The acid (10 g.) was added 
during 10 min. to refluxing diphenyl-diphenyl ether (50 c.c.), The cooled solution was poured 
into light petroleum (b. p. 40-—60°), and the precipitate recrystallised from acetone to give 
6-heptyl-4-hydroxyquinoline (8-4 g.) as prisms, m. p, 120-—130° (Found: C, 70-3; H, 8&7; 
N, 6-9. CygH,,ON requires C, 79-0; H, 8-7; N, 5-8%). 

6-Heptyl-4-hydroxyquinoline 1-Oxide.—Treatment of the hydroxyquinoline (8 g.) with 
phosphorus oxychloride as in the previous example gave 4-chloro-6-heptylquinoline (7-6 g.), b. p. 
137°/0-15 mm., f. p. 36° (Found; C, 73-4; H, 7-7; N, 5-3. CygH NCl requires C, 73-4; H, 7-7; 
N, 54%). The chloride was condensed with potassium benzyl oxide in the manner described 
and the product distilled. The fraction of b. p. 156-—186°/0-1 mm. was oxidised with perbenzoic 
acid, according to the general procedure, and the crude product hydrogenated in ethanol (100 
c.c.) in the presence of 10% palladised strontium carbonate (1 g.). Filtered at the b, p. and 
allowed to cool, the solution deposited the hydroxy-oxide (3-8 g.), needles, m. p. 183°, from 
ethanol (Found: C, 74-5; H, 82; N, 58%). 

7-Chlovo-4-diacetylaminoquinoline,—A solution of 4-amino-7-chloroquinoline (10 g.) in 
acetic anhydride (100 c.c.) and pyridine (50 c.c.) was refluxed for 1 hr. and then evaporated to 
dryness in vacuo, Repeated recrystallisation from benzene gave the solvated diacetyl derivative, 
prisms, m. p. 100—111° (Found: C, 63-5; H, 46; N, 9-6; Cl, 11-0. C,,H,,O,N,Cl requires 
C, 63-7; H, 47; N, 93; Cl, 118%). The solvent of crystallisation could not be removed 
even at 80°/0-1 mm, johnson, Woroch, and Buell ™ gave m. p. 197-2-—-198-2° but their com- 
pound was probably the monoacetyl! derivative; only analytical data for carbon and hydrogen 
were reported and the values for mono- anij di-acety! derivatives are almost identical, 

4-Amino-71-chloroquinoline 1-Oxide.—-Oxidation of the diacetylamino-compound in the 
manner described (1-25 mol. of perbenzoic acid used) gave crude product, m. p. 136--137° 
(55%). 7-Chlovo-4-diacetylaminoquinoline l-oxide separated from ethyl methyl ketone-light 
petroleum (b. p. 60—80°) in needles, m. p, 137-—-138° (Found: C, 56-3; H, 39; N, 10-1. 
C,y,H,,0,N,Cl requires C, 56-0; H, 4-0; N, 10-1%). 

The oxide (7-6 g.) and 10% sodium hydroxide solution (75 c.c.) were boiled for 5 min,; the 
product separated on cooling. 4-Amino-7-chloroquinoline l-oxide (2-6 g.) crystallised from 
water in yellow needles, m. p, 246° (decomp.) (Found ; C, 55-9; H, 3-7; N, 142. C,H,ON,Cl 
requires C, 55-5; H, 3-6; N, 144%). 

4-A mino-2-heptylquinoline.—4-Chloro-2-heptylquinoline (45 g.) was added to phenol (450 g.), 
previously saturated at 80° with ammonia, and the mixture heated at 180° in a stream of 
ammonia for 5 hr, The solution was poured into 2n-sodium hydroxide, the product being 
isolated with ether, The amine (30 g.) formed rods, m. p. 101---103°, from ethyl methyl ketone~ 
light petroleum (b. p. 60-—80°) (Found: C, 78-9; H, 93; N, 11-6. CygHggN, requires C, 79-3; 
H, 9-2; N, 11-56%). 

4-Diacetylamino-2-heptylquinoline,—The amino-quinoline (1 g.) was refluxed with acetic 
anhydride (10 c.c.) for 1-5 hr. Distillation afforded the diacetyl derivative (1-0 g.), yellow oil, 
b. p. 188--190°/0-4 mm.,, ni? 1-5689 (Found: C, 73-5; H, 7-9; N, 86, CygllygO,N, requires 
C, 73-6; H, 8-0; N, 86%). 

4-Amino-2-heptylquinoline 1-Oxide,—4-Amino-2-heptylquinoline (28 g.) was refluxed with 
acetic anhydride (300 ¢.c.) for 4 hr. The solution was evaporated im vacuo and the residue 
treated with perbenzoic acid according to the general procedure. The crude product was 
treated with 2-6n-sodium hydroxide (200 c.c.) and ethanol (100 c.c.); after the mixture had 
been refluxed for 30 min., ethanol was removed by distillation. On cooling, a sticky solid 
separated and this was recrystallised from ethyl methyl ketone to give the amino-owide (12 g.), 
yellow rectangular plates, m. p. 176—177° (Found: C, 74-6; H, 86; N, 10-9, C,H ON, 
requires C, 74-4; H, 8-6; N, 10-8%). 

4-Amino-6-heptylquinoline.—This amine (3-5 g.) was obtained from the 4-chloro-compound 
(7 g.) as in the case of the isomer. It crystallised from light petroleum (b, p, 60--80°) in needles, 
m. p. 96° (Found: C, 79-3; H, 92; N, 11-6%). A solution of the amine (3-5 g.) in acetic 
anhydride (30 c.c.) and pyridine (15 c.c.) was refluxed for 45 min. and then evaporated under 
reduced pressure. Distillation afforded 4-diacetylamino-6-heptylquinoline (2-7 g.) as a viscous, 
yellow oil, b. p. 166-—168°/0-2 mm. (Found: C, 73-4; H, 80%). 

4-Amino-6-heptylquinoline 1-Oxide,—Oxidation of the diacetyl derivative (2-7 g.) with 
perbenzoic acid (general procedure) gave the crude oxide which was refluxed for 1 hr. with 
acetic acid (20 c.c.) and 2n-sulphuric acid (10 c.c.), Basification with 6n-ammonia, followed 


4 Johnson, Woroch, and Buell, J, Amer. Chem. Soc., 1949, 71, 1901. 
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by recrystallisation from ethyl methyl ketone-ethanol, gave the yellow oxide, m. p. 211—212° 
(Found: C, 74-3; H, 84; N, 11-0%). 

2-Heptyl-4-p-tolythioquinoline.—Sodium (0-5 g.) was dissolved in ethanol (25 c.c.) and toluene- 
p-thiol (3-3 g.) and 4-chloro-2-heptylquinoline (6 g.) were added, successively. The mixture 
was stirred under reflux (bath 100°) for 4 hr. and poured into water, the product being isolated 
with ether, Distillation gave the sulphide as a pale yellow oil, b. p. 197-—-198°/0-2 mm., n} 
1-6107 (Found : C, 788; H, 7-6; N, 35. C,,H,,NS requires C, 79-1; H, 7-8; N, 48%). 

2-Acetamido-4-acetoxyquinoline.—2-Amino-4-hydroxyquinoline (1-0 g.; Hardman and 
Partridge ™) was refluxed with acetic anhydride (10 c.c.) for 30 min. The product (0-9 g.; 
m. p. 164--167°), which separated on cooling, formed plates, m. p. 168—-169°, from benzene- 
light petroleum (b. p. 60-—-80°) (Found: C, 63-6; H, 49; N, 11-5. C,,H,,O,N, requires 
C, 63-9; H, 5-0; N, 116%). 

2-Amino-6-heptyl-4-hydroxyquinoline.—p-Heptylanilinium toluene-p-sulphonate, prepared in 
the usual manner, crystallised from aqueous methanol in needles, m. p. 120—121° (Found: 
C, 63-6; H, 80; N, 37, CH gO,NS,H,O requires C, 63-0; H, 82; N, 3-7%). 

The salt (85 g.) and ethyl cyanoacetate (27 g.) were heated (bath 210°) for 1-3 hr. (cf. ref. 13). 
Trituration of the melt with ether gave 2-amino-6-heptyl-4-hydroxyquinolinium toluene-p- 
sulphonate (23 g.) which separated from ethyl methyl ketone-ethanol in needles, m. p. 2290— 
230° (Found: C, 645; H, 60; N, 65. C,,H,,O,N,S requires C, 64-2; H, 7-0; N, 65%). 
A solution of this salt (16 g.) in ethanol (50 c.c.) was treated with aqueous ammonia (20 c.c.) 
and then water (700 c.c.), to precipitate the product. 2-Amino-6-heptyl-4-hydroxyquinoline 
formed prisms, m. p. 276—-277°, from ethyl methyl ketone-ethanol (Found: C, 73-7; H, 8-2. 
CygHyON, requires C, 74-4; H, 86%). 

2-Ethoxycarbonyl-6-heptyl-4-hydroxyquinoline.—p-Heptylaniline (19 g.) in acetic acid (50 
¢.c.) was gradually added to ethy! sodio-oxaloacetate (22 g.), the mixture being cooled below 10°. 
Next day, ice was added and the solution basified; the anil was isolated (ethyl acetate) and 
added dropwise during 20 min. to boiling diphenyl ether-dipheny! (300 ¢.c.). The solution 
was refluxed for 30 min, and then evaporated in vacuo. The quinoline (11-6 g.) crystallised 
from ethanol-ethyl acetate in rectangular plates, m. p. 152—-153° (Found: C, 72-2; H, 7-6. 
CygH,,O,N requires C, 72-3; H, 8-0%), 

4-Benzyloxyquinaldic Acid (with W. A. Jonrs).—-Ethyl 4-chloroquinaldate was prepared as 
described by Campaigne, Cline, and Kaslow.“ The amide, prepared in aqueous-ethanolic 
ammonia, formed needles, m. p. 211—-213°, from ethanol (Found: C, 58-1; H, 3-4; N, 13-6, 
C,H,ON,Cl requires C, 567-9; H, 34; N, 132%). The hydrazide, prepared in ethanol, 
crystallised from ethanol in needles, m. p. 176° (decomp.) (Found: C, 53-8; H, 3-5; Cl, 16-0. 
CygH ON, Cl requires C, 54-2; H, 3-6; Cl, 16-0%). 

To a solution of potassium benzyl oxide (prepared from potassium hydroxide, 7 g., as 
described) was added the chloro-ester (15 g.), and the mixture was refluxed for 1 hr. 
After addition of water (200 c.c.) the solution was distilled slowly for 1 hr. and, on cooling, the 
potassium salt crystallised. It was filtered off, washed with ether, and dissolved in hot water 
(200 c.c.); the solution was brought to about pH 6 with sulphuric acid and acetic acid to precipi- 
tate the benzyloxy-acid (8 g.). More product (2-5 g.) was obtained similarly from the original 
aqueous layer. Kecrystallisation of the crude product {(m. p. 180-—-182° (decomp.)} from ethy! 
acetate and methanol gave the acid as fine needles, m. p. 185—-187° (decomp.). Nakayama ¥ 
gives m. p, 189° (decomp.) for a sample prepared from 4-benzyloxyquinoline 1-oxide, 

The methyl ester (4 g.), prepared by reaction of the acid (5 g.) with diazomethane, separated 
from acetone-—light petroleum (b. p. 60—80°) in needies, m. p. 130—132° (Found: C, 73-7; 
H, 61. C,sH,,O,N requires C, 73-7; H, 52%). The amide crystallised from ethanol in needles, 
m. p. 150--1561° (Found; C, 73-4; H, 49; N, 10-6. C,,H,O,N, requires C, 73-4; H, 5-1; 
N, 101% 

2-Acetamido-4-bensyloxyquinoline.—The foregoing methyl ester (5-0 g.) in 2-methoxy- 
ethanol (25 c.c.) was refluxed with hydrazine hydrate (2 c.c.) for 5 hr. Concentration of the 
solution gave the Aydraside (3-6 g.), which formed rods, m. p. 146—147°, from 2-methoxy- 
ethanol (Found: C, 60-6; H, 5-1; N, 142. C,,H,,O,N, requires C, 69-6; H, 5-2; N, 143%). 
This reaction did not proceed satisfactorily in ethanol. 

Sodium nitrite (0-85 g.) in water (2-5 c.c.) was added to the hydrazide (3-6 g.) in benzene- 
acetic acid (40 c.c.; 1:1) at —5°, and the mixture was cooled below 0° for 30 min. After 


'* Hardman and Partridge, /., 1954, 3880. 
'* Campaigne, Cline, and Kaslow, J. Org. Chem., 1950, 15, 600. 
'* Nakayama, J. Pharm. Soc, Japan, 1950, 70, 423. 
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dilution with benzene (125 c.c.), the solution was gradually poured into ice-cold 1-5n-sodium 
carbonate (650 c.c.). The aqueous layer was extracted with benzene, and the combined organic 
layers were concentrated (to ca. 50 c.c.) under reduced pressure. After addition of acetic 
anhydride (50 c.c.), the mixture was distilled until the b. p. reached 95° and then refluxed for 
45 min. Evaporation in vacuo, followed by recrystallisation from benzene-light petroleum 
(b. p. 60—80°), afforded 2-acetamido-4-benzyloxyquinoline (1-2 g.), needles, m. p. 197-—-199° 
(Found: C, 74:7; H, 5-2, CygH,,O,N, requires C, 74-0; H, 5-5%). 

4-Benzyloxy-2-diacetylaminoguinoline.—When the Curtius reaction was repeated on a 
larger scale (14 g. of hydrazide), a mixture (8-2 g.) of the mono- and the di-acetyl derivative 
was obtained (Found: Ac, 198%). The sample was therefore refluxed with acetic anhydride 
(80 c.c.) for 3 br. Isolated as above, the diacetyl derivative (4-5 g.) separated from benzene- 
light petroleum (b. p. 60—80°) in prisms, m. p. 146—147° (Found: C, 72-2; H, 5-5; N, 84; 
Ac, 26-0. C, H,,0,N, requires C, 71-8; H, 5-4; N, 84; Ac, 258%). 


The authors are indebted to Dr. R. E. Bowman for helpful advice and suggestions and to 
Mr. A. J. Durré for the microanalyses. 


Researcu Department, Parke, Davis & Co., Lrp., 
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596. The Crystal Structure of Dimethylketen Dimer. 
By P. H. FRiepDLANDER and J. MonTeEATH ROBERTSON, 


The crystal structure of dimethylketen dimer has been studied by X-ray 
analysis, The probable space group is C2/m (Cj,) with 2 molecules per cell 
and molecular symmetry 2/m. This implies a planar cyclobutane ring, 
although considerable out-of-plane vibrations are possible. The temper- 
ature factor is high. The mean C-C bond length in the ring is 1-56 A; C-CH, 
is 1-49 A and C=O 1-20A, Probable errors are at least 40-02 A, but the 
results are in good agreement with a previous electron-diffraction investig- 
ation and with other studies on cyclobutane derivatives. 


Tue structure of the carbon ring in cyclobutane and a number of its derivatives has now 
been studied in detail by both spectroscopy and diffraction, with results which differ rather 
widely in different compounds. In cyclobutane itself the electron-diffraction results? 
show a non-planar ring, but are unable to distinguish between the symmetry 4 2m (D,,) 
applicable to a puckered ring, and 4/mmm (D,) for a planar ring with large amplitude 
of out-of-plane bending. In octafluorocyclobutane* and octachlorocyclobutane*® the 
diffraction evidence definitely indicates a puckered ring with symmetry at least approx- 
imately D,,, although certain spectroscopic evidence * appears to be consistent with a 
planar ring in the former. In tetraphenyleyclobutane ° and diacenaphthalenoeyclobutane 
(acenaphthylene dimer) * the X-ray evidence requires a molecular centre of symmetry and 
hence a strictly planar ring. Dimethylketen dimer (2: 2: 4: 4-tetra- co 
methyleyclobuta-1 : 3-dione) (I), which is the subject of this investigation, 4 

has already been studied by electron diffraction; 7 the results point to a Mec, fees 
planar model of symmetry D,, although there is evidence of a large co (ih) 
temperature factor which may arise from out-of-plane vibrations of the ring atoms and 
attached groups. 

Although the geometry of the cyclobutane ring varies in different compounds, in all of 
them the carbon-carbon distance is consistently greater than the standard single-bond 
distance of 1-54 A, the values reported ranging from 1:55 A in methylenecyclobutane * to 
1-60 A in octafluorocyclobutane. Reasons for this lengthening have been discussed by 

! Dunitz and Schomaker, J. Chem. Phys., 1962, 20, 1703. 

* Lemaire and Livingston, ibid., 1950, 18, 569. 

* Owen and Hoard, Acta Cryst., 1951, 4, 172. 

* Claassen, J]. Chem. Phys., 1960, 18, 543. 

* Dunitz, Acta Cryst., 1949, 2, 1. 

* Dunitz and Weissman, ibid., 1949, 2, 62. 


? Lipscomb and Schomaker, /. Chem. Phys., 1946, 14, 476 
* Shand, Schomaker, and Fischer, J. Amer. Chem. Soc., 1044, 66, 636. 
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Dunitz and Schomaker ! who attribute it mainly to repulsion of the non-bonded carbon 
atoms, which are only 2-22 A apart in cyclobutane. Their calculations also show that it 
is difficult to predict whether the equilibrium configuration of the ring is planar or slightly 
non-planar. 

The electron-diffraction investigation of dimethylketen dimer 7? gave a C-C distance in 
the ring of 1-56 A and a C-€ H, distance of 1-54 A, although both these values are subject 
to a fairly large possible error of about 4.006 A. The crystal-structure study which we 
have now undertaken confirms the existence of long bonds in the ring, but indicates that 
the C-CH, distances are shortened to well below the standard value of 1-54. A. Our results 
also indicate a strictly planar cyclobutane ring. The crystal structure is comparatively 
simple, but unfortunately the arrangement of the molecules in the unit cell precludes any 
clear projections of the eyclobutane ring in our present two-dimensional analysis. The 
volatile nature of the crystals and high temperature factor also create experimental 
difficulties, and it seems likely that the finer details of the structure will only be obtained 
from a low-temperature three-dimensional] analysis. 


Crystal Data,—Dimethylketen dimer, C,H,,0O,; M, 140-2; m. p. 113°; d, calc. 1-110, 
found 1:10. Monoclinic, a = 655 4+ 0-01, b 10-26 4+. 0-03, ¢ = 643 + 0-01 A, 6 = 
104-0" 4 0-5". Absent spectra, Akl when h +’ is odd. Space group, C2 (C3), Cm (C8), or 
C2/m (Ch). C2/m is assumed in this analysis. Two molecules per unit cell. Molecular 
symmetry (for C2/m), two-fold axis perpendicular to a plane. Volume of the unit cell, 419 A®. 
Absorption coefficient for X-rays (, = 1-54 A), p = 7-38 per cm. Total number of electrons 
per unit cell (000) == 152, 

The colourless, wax-like crystals were irregular in shape, and very volatile. No pyro- 
electric effect was observed. 

Structure Analysis.—The observed spectral absences do not lead to a positive identification 
of the space group. C2 with molecular symmetry 2 parallel to b, Cm with molecular symmetry 
m parallel to (010) and C2/m with molecular symmetry 2/m must all be considered possible, 
although the absence of pyroelectric effect is perhaps slightly in favour of the last. 

As a basis for the evaluation of the structure factors it is convenient to construct a model with 
the maximum permitted symmetry 2/m, and place its centre in the special positions required 
by the space group C2/m, viz. (000, 440). Each ring carbon and ketonic oxygen then lies on a 
symmetry plane and has the co-ordinates (000, $40) 4+- x0z; X0Z, while the methyl groups 
occupy the general positions (000, $40) + xyz; xyz; xyz; xyz. The asymmetric crystal unit 
thus consists of one quarter of the chemical molecule, made up of one methyl group, one half of 
each of two ring carbons, and one half of each of the two ketonic oxygen atoms, The justific- 
ation for the space group C2/m will depend on how well such a model can explain the observed 
X-ray intensities 

A simple model based on a square ring with C-C = 154A, and C-O = 1-20A was now 
tested. It immediately led to excellent agreements with the observed structure factors. In 
particular, the strong axial series of reflections (001) and (040) were accounted for almost 
quantitatively, to the seventh and tenth order respectively, and at this stage the overall agree- 
ment for some 70 strueture factors was about 26%. Refinements by the double Fourier series 
method were then applied, giving projections of the structure along the a and the b axis. 
Unfortunately, the resolution is poor in these projections, except for the methyl group 
in the a-axis projection (Fig. 1). In the b-axis projection (Fig. 2) two co-ordinates of 
the ring atom C (1) can be determined. 

Owing to the high temperature factor and comparatively small number of reflections 
observed (Table 3) it did not seem profitable to apply the usual difference synthesis refinement 
methods and the remaining 5 co-ordinates were determined chiefly by trial and error, The 
final discrepancy between calculated and observed structure factors over all zones was about 
18%. The co-ordinates and bond lengths are given in Tables 1 and 2. 


TABLE 1. Co-ordinates. 
r, y, are expressed as fractions of the axial lengths, X, Y, Z, X’, Z’ are in \, X’ and 2’ being referred 

to the a and ¢’ crystal axes where c’ is taken perpendicular to a and b 

Atom or group Z XxX y Z P 44 bad 
0-100 0-764 0 0-643 0-920 — 0-624 
147 0-819 0-947 0-590 0-919 
0-260 1-455 “23 1-669 1051 1-619 
0-208 1-583 -1-339 1-907 ~~ 1-299 
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Fic. 1. Electron-density projection along the a axis, 
showing resolution of the methyl groups, All the 
ving atoms and attached oxygen atoms lie in a plane 
normal to this projection, and are unresolved, 
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Fic. 2. Electron-density projection along the b axis, showing heavy overlap of adjoining molecules, The 
ving atoms lie in the plane of this projection, and the diagonal C (1) . . . © (1’) is inclined at about 34° 
to the a axis, 
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E 2. Bond lengths and angles. 
C(1)-C(2) I: ZC(2)-C(1)-C(2’) = = 89-5° 
CUycu) 1- ZCH,-C(2)-CH, = 111° 
Mean ring C-C 1. ZC(2)-C(1)-O 138° 
C(2)-CH, Il: 
Cilj-O 1. 

Discussion.—The agreements obtained show that the assumptions made regarding the 
symmetry of the molecule (2/m) are at least approximately correct. Calculation shows 
that distortions up to about 005A from a planar ring are possible, but any greater 
distortion would lead to serious structure-factor disagreements. The most likely situation 
is a planar ring with fairly large out-of-plane vibrations, a conclusion which is in agreement 
with the results of the electron-diffraction investigation.?. The structure is a very open one 
of low density and appears to be governed mainly by contacts between the methyl groups 
and ketonic oxygen atoms. The distance between these groups on adjoining molecules 
along the b axis (where the overlap is shown in Fig. 2) is about 3-9 A. 

It is difficult to estimate accurately the errors in bond lengths on the data available, 
but probable errors of at least +002 A must be accepted. The difference between the two 
independent C-C ring bond lengths is not significant, but their mean value of 1-56 A is in 
excellent agreement with the electron-diffraction measurements, and confirms a small 
increase over the standard value of 154A. On the other hand, the C-C bonds from the 
ring to the methyl groups, which are measured as 1-49 A, appear to be slightly shortened. 

These results are not unusual and agree with previous measurements, particularly those 
on tetraphenyleyclobutane.5 Owing to the strain imposed by the formation of the four- 
membered ring, it is to be expected that the usual sp* hybridization will be modified with 
an increase in the p character of the orbitals involved in the formation of the ring, and in 
the s character in the orbitals directed away from the ring. A tendency in this direction 
may explain the observed bond lengths. 


I°.XPERIMENTAL 
Photographic methods were employed with filtered Cu-Ka radiation (2 = 1-54 A), and 
intensities were estimated visually from moving film photographs, the multiple-film technique ® 


TABLE 3. Measured and calculated values of the structure factor. 
hkl , . ” eale, hhl | F cate hkl Tue. 
001 35°% , 043 22-7 . 401 
002 . SO- 044 17-6 . 402 
003 31 —~19-! 045 <40 , 403 
O04 : ' 061 , 404 
005 062 <4 , 405 
006 063 2- 401 
007 O64 f , 403 
020 Os . . 403 
040 O82 ’ . 404 
060 083 ~ & 405 
ORO 201 ‘2 ‘ 601 
10,0 202 d 32- HOH2 
200 60T 
400 603 
600 110 
800 130 
O21 150 
022 170 
023 220 
024 240 
025 260 
O41 : 24: y <4 ° 310 
O42 ‘ 3: 2 . 2: 330 
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being employed to correlate strong and weak reflections. Ilford fast film with an absorption 
factor of 3-3 was used, The crystals were extremely volatile and had to be sealed in thin 
capillary glass tubes. Even with this precaution the specimen often volatilised and deposited 


* Robertson, /. Sei. Instr, 1943, 20, 175. 
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on the walls of the tube unless the temperature was kept below 16°. Absorption corrections 
were not applied, but the specimens used were cut to nearly uniform cross-sections of about 
0-3 x 03mm. The F values were derived by the usual formula for mosaic type crystals and 
are collected in Table 3 (Fy). The scale is approximately absolute and was obtained by 
correlation with the final calculated values. 

The Fourier syntheses were carried out by the three-figure numerical method.” In deriving 
the calculated structure factors (F,,),.) the temperature factor was not separately evaluated, 
but an averaged empirical scattering curve based on anthracene ™ was found to fit the results 
reasonably well. The (hkO) spectra are particularly difficult to observe, and in spite of very long 
exposures only seventeen F values could be obtained. For greater accuracy and more complete 
esults it will probably be necessary to work at low temperatures with molybdenum radiation, 


One of us (P. H. F.) is indebted to the Department of Scientific and Industrial Research for 
an award. We also thank Professor H. N. Rydon for the specimen of dimethylketen dimer, 
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597. Monomethiodides of Some 3-Substituted 4: 7-Phenanthrolines. 
By W. O. Sykes, 


The directly prepared monomethiodides of 3-carboxy-, 3-chloro-, 3-ethoxy- 
carbonyl-, 3-methoxy-, and 3-methyl-4 : 7-phenanthroline are shown to be all 
7-methiodides by identifying the dihydro-N-methyl-oxo-derivatives obtained 
from them by oxidation. 


ONLY one monoquaternary salt of a simple 3-substituted 4: 7-phenanthroline has been 


described hitherto, namely, the methiodide prepared ' by the action of methyl iodide on 
3-methoxy-4 ; 7-phenanthroline (1; R = OMe) in boiling methanol. This product was held 
to be a 4-methiodide (II; R = H, R’ = OMe) by Karrer and Pletscher.' However, if 
any hindrance were exerted by the 3-substituent, the nitrogen atom in position 7 would be 
expected to be the first quaternised, as in 5-substituted 4 : 7-phenanthrolines,? to produce 
(IL; R = OMe, R’ = H). Evidence was sought, therefore, establishing the structures of 
any directly preparable monomethiodides of several 3-substituted 4: 7-phenanthrolines 
including the 3-methoxy-derivative; the other bases examined were the known 3-chloro- 
and 3-methyl-4 : 7-phenanthroline, and the newly prepared 3-carboxylic acid and its 
ethyl ester. 


(ft) 


3-Chloro-4 : 7-phenanthroline +3 was converted to the 3-methoxy-compound by 
sodium methoxide in refluxing methanol as described by Karrer and Pletscher.! Willgerodt 
and Jablonski* have prepared 3-methyl-4:7-phenanthroline by decarboxylation of 
3-methyl-4 : 7-phenanthroline-l-carboxylic acid, but preparation of the latter involves 
the costly pyruvic acid in a Débner synthesis with paraldehyde and 6-aminoquinoline. 

1 Karrer and Pletscher, Helv. Chim, Acta, 1948, 31, 786 

* Sykes, J., 1953, 3543 

* Douglas, Jacomb, and Kermack, J., 1947, 1659. 

* Willgerodt and Jablonski, Ber., 1900, 33, 2918. 


3088 Sykes : Monomethiodides of Some 


Lindner ° obtained the methylphenanthroline by a Débner-von Miller reaction performed 
on 6-aminoquinoline, but only isolated it in poor yield; by using a different method of 
working up the crude product, we have substantially improved the yield. Tribromination 
of 3-methyl-4 : 7-phenanthroline, followed by hydrolysis, yielded 4: 7-phenanthroline-3- 
carboxylic acid, in analogy with Hammick’s preparation ® of quinaldinic acid from 
quinaldine. The acid showed marked -isoelectric insolubility which greatly facilitated 
its isolation; it was also obtained, although not consistently, by nitric acid oxidation 
of 3-benzylidene-4 : 7-phenanthroline. Attempts to prepare the acid from 4: 7-phen- 
anthroline itself by the Reissert reaction 7 were unsuccessful. 

When 4 : 7-phenanthroline-3-carboxylic acid was heated for as long as 8 hours at 100° 
with an excess of methyl iodide, it was only partly converted into its monomethiodide, 
as shown by yellowing of the insoluble acid. On the other hand, when heated at 100’ 
with an excess of methyl iodide in methanol, the acid slowly dissolved, giving a mono- 
methiodide of the methyl ester in good yield, though formation of iodine and gaseous 
products gave evidence of decomposition. Use of dimethyl sulphate or methyl toluene-/- 
sulphonate led to decomposition and no products were identified. 

ithyl 4: 7-phenanthroline-3-carboxylate was converted in good yield into a mono- 
methiodide simply by heating it with an excess of methyl iodide in methanol! solution 
at 100° for 30 minutes, and so were 3-chloro-, 3-methoxy-, and 3-methyl-4:7 
phi nanthroline. 

The structures of the monomethiodides were elucidated by the reactions with alkaline 
potassium ferricyanide, In no case was the product 3 : 4-dihydro-4-methyl-3-oxo-4 : 7- 
phenanthroline (IIL; R H), which would be obtained from a 3-substituted 4-methiodide 
(Il; R H) if the substituent were displaced, as occurs when N-methyl-5-nitrocarbostyril 
is obtained from 5-nitroquinaldine methiodide.* Moreover, all the products contained 
hydrogen in proportions close to those expected for dihydro-N-methyl-oxo-derivatives 
([11), not quaternary ammonium hydroxides (a difference of 2 H); the products isolated 
from the methiodides of 3-methoxycarbonyl- and 3-ethoxycarbonyl-4 : 7-phenanthroline 
were both the same as that from the methiodide of 4 ; 7-phenanthroline-3-carboxylic acid, 
namely, the dihydro-N-methyl-oxo-acid (IIT; R = CO,H). 

The individual oxidation products were confirmed as being dihydro-N-methyl-oxo- 
derivatives by the following transformations: (a) The oxidation product obtained from 
the methiodide of 3-chloro-4 : 7-phenanthroline was converted in good yield by sodium 
methoxide in boiling methanol into the 3-methoxy-compound obtained also by oxidation 
of the 3-methoxy-4 : 7-phenanthroline methiodide. Further, hydrazine hydrate converted 
the chloro-compound into the hydrazino-compound (III; R = NH-NH,) and this decom 
posed to the known 3: 4-dihydro-4-methyl-3-oxo-4 : 7-phenanthroline when boiled with 
copper sulphate solution. 

(b) The dihydro-N-methyl-oxo-derivative of 3-methyl-4: 7-phenanthroline (ITT; 
kX = Me) was prepared, although in poor yield, by a Débner-von Miller reaction from 
6-amino-N-methylearbostyril, and was identical with the ferricyanide oxidation product 
of 3-methyl-4: 7-phenanthroline methiodide. 

(c) The dihydro-N-methyl-oxo-derivative of 4: 7-phenanthroline-3-carboxylic acid 
(111; R = CO,H) (obtained from the methiodide of the acid or from either of the two ester 
methiodides) decomposed at about 260°, to carbon dioxide and 3 : 4-dihydro-4-methy]l- 
3-oxo-4: 7-phenanthroline. Similar decarboxylation of 4 : 7-phenanthroline-3-carboxylic 
acid yielded 4: 7-phenanthroline. 

In order to have been precursors of the oxidation products thus described, the purified 
quaternary salts must all have been 7-methiodides of the 3-substituted 4 : 7-phenanthrolines 
Gi: R’ H, R = OMe, etc.); no evidence was found, from their iodine contents or 
decomposition points, to indicate that the crude quaternary salts contained any considerable 
proportion of other substances. 


* Lindner, Monatsh., 1921, 42, 421. 

* Hammick, /., 1923, 2882. 

’ Reissert, Ber., 1905, 38, 1603. 

* Decker and Remfry, Ber., 1905, 38, 2773 
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EXPERIMENTAL 


3-Chloro-7-methyl-4 : 7-phenanthrolinium Iodide (II; R = Cl, R’ = H).—-Chlorophenanthro- 
line (2-0 g.) was heated with methanolic methyl iodide (8 c.c. of 40% w/v solution) in a sealed 
tube on a boiling-water bath for 30 min. The yellow methiodide (2-8 g.) was separated from the 
the cooled mixture, washed with ether, and dried; it recrystallised from water as yellow needles, 
m. p. 288° (decomp.) with previous darkening (Found ; [, 35-5. Cy ,H,)N,ClI requires I, 35-6%). 

8-Chlovo -3 : 4-dihydro-4-methyl-3-ox0-4:7-phenanthroline (I11; RK = Cl)--The above 
methiodide (2-8 g.), in hot water, was added gradually with stirring to a mixture of 10% 
w/v potassium ferricyanide solution (70 ¢.c.) with 10% sodium hydroxide sdlution, The 
yellow precipitate (2 g.) which began to appear immediately was collected, dried, and extracted 
with alcohol for several hours. Deeply pigmented dihydro-N-methyl-oxo-compound (0-9 g.) 
separated from the alcohol during the extraction and on cooling, and recrystallised (charcoal) 
from alcohol or formamide as very pale yellow needles, m. p, 268-—269° (Found; C, 63-4; 

_H, 37. C,,H,ON,Cl requires C, 63-8; H, 3-6%). 

3-Methoxy-7-methyl-4 : 1-phenanthrolinium Iodide (Il; KR = OMe, R’ « H),--3-Methoxy- 
4: 7-phenanthroline (1-0 g.), prepared from 3-chloro-4: 7-phenanthroline by Karrer and 
Pletscher’s method,’ was converted into its methiodide (1-5 g.) as above. This recrystallised 
from water as orange or yellow needles, m, p, 244° (decomp.) with previous darkening and 
softening (Karrer and Pletscher! give m. p. 243-—245°) (Found ; 1, 35-7, Calc. for C,,H,,ON,I: 
[, 36-0%). 

3 : 4-Dihydro-8-methoxy-4-methyl-3-ox0-4 : 7-phenanthroline (LIL; R « OMe).—-(a) The above 
methiodide (1-0 g.) was oxidised with alkaline potassium ferricyanide as for the chloro-analogue, 
The crude dihydro-N-methyl-oxo-compound which was precipitated on strong basification of the 
mixture was dried and crystallised from formamide (charcoal), to yield very pale yellow needles 
(0-4 g.), m. p. about 174°, improved to 176° by further crystallisations (Found; C, 60-1; H, 6-0, 
C,H ,,O,N, requires C, 70-0; H, 50%). To free the product from the last traces of formamide 
it was best to transfer the crystals to cold water, a hydrate being formed which was filtered off 
and washed with water; it lost its water of hydration at 100°, and was then stable at this 
temperature for at least several hours, 

(b) 8-Chloro-3 ; 4-dihydro-4-methyl-3-oxo-4 : 7-phenanthroline (0-5 g.) was refluxed for 
12 hr. with methanol in which sodium (0-1 g.) had been dissolved. The residue left after 
evaporation, when treated with water and dried at 160°, consisted of the 8-methoxy- 
derivative (0-4 g.) which after crystallisation from formamide had m, p, 177-178", changed 
only to m, p. 176--177° by admixture with the above product. 

8-Hydvazino-3 : 4-dihydro-4-methyl-3-ox0-4:7-phenanthroline (Ill; KR « NH*NH,). 
8-Chloro-3 : 4-dihydro-4-methyl-3-oxo-4 ; 7-phenanthroline (1-0 g.) was refluxed with hydrazine 
hydrate for 1 hr., during which the chloro-compound gradually dissolved and the hydvazino- 
compound was precipitated. This was separated from the cooled mixture, washed sparingly 
with water, and dried at 100° (0-7 g.); it crystallised from absolute ethanol as yellow needles, 
m, p, about 248° with previous softening (Found: C, 648; H, & 2. CysH,ON, requires 
C, 65-0; H, 50%). The acetone hydrazone separated when the hydrazino-compound in hot 
water was allowed to stand in admixture with acetone, and crystallised from alcohol as yellow 
needles, m. p. 258° with previous softening (Found; C, 68-2; H, 5:8. CygHygON, requires 
C, 68-5; H, 58%). On admixture, it depressed the m. p. of the hydrazino-compound, 

Adding 10% w/v copper sulphate solution (10 c.c.) gradually to the hydrazino-compound 
(0-3 g.) in boiling water caused an exothermic reaction. ‘The solution was filtered, excess of 
copper sulphate removed by sodium carbonate solution, and the cooled filtrate was strongly 
basified with 40% w/v sodium hydroxide solution. The precipitate was separated, dried, and 
crystallised from chlorobenzene (charcoal), to yield pale yellow needles (0-1 g.), m. p. and 
mixed m. p. 239-—-240°, of 3 : 4-dihydro-4-methyl!-3-oxo-4 : 7-phenanthroline, 

6-A minoquinoline.—6-Nittoquinoline (87 g.) was boiled gently, under reflux, with ammonium 
sulphide solution (1 L.; about 7%, w/v of H,S) for 1 hr. The mixture was then made acid 
cautiously with concentrated hydrochloric acid, and filtered hot after treatment with charcoal, 
The filtrate was made strongly alkaline with 40% w/v sodium hydroxide solution, with ice- 
cooling. 6-Aminoquinoline was filtered off, washed sparingly with water (soluble), and dried 
at 100°, where it partly melted, then solidified. The dry product was distilled at about 2 cm., 
to yield a pale yellow distillate, m. p, 116° (about 50 g.). 

3-Methyl-4 : 1-phenanthroline (1; R = Me).-6-Aminoquinoline (50 g.) and paraldehyde 
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(75 c.c.) in hot concentrated hydrochloric acid (125 c.c.) were heated on a water-bath for 1 hr., 
then cooled and poured into ice-water. Basification with 40% w/v sodium hydroxide solution 
precipitated a semi-solid tar which, after it had been freed from moisture as thoroughly as 
possible, was distilled, The orange syrupy distillate was dissolved in a similar volume of alcohol 
and the solution was gradually diluted with water to permanent turbidity; methyl- 
phenanthroline hydrate then crystallised. The hydrate, freed as completely as possible from 
the contaminating oil, was dissolved in hot, dilute nitric acid from which, when it was further 
acidified with concentrated nitric acid and cooled, the nitrate of the base crystallised, The 
nitrate, in hot water (charcoal), was partly cooled and then basified with dilute ammonia 
solution to precipitate the purified hydrate; this was dried at 100° (partly melted), and the 
residue of anhydrous methylphenanthroline was distilled, to yield 17-23 g. of yellow distillate, 
m, p. about 110°, Further purification by recrystallising the nitrate and distilling the reliberated 
base produced a very pale yellow, markedly hygroscopic product, m. p. 114°, b, p. 352°/744 mm. 
Lindner ® gives m. p. 115°, and m. p. 84—86° for the hydrate. Willgerodt and Jablonski * 
give only m. p. 88°, presumably for the hydrate, The dinitrate crystallised from water as pale 
yellow prismatic needles, m. p. about 167° (decomp.) (Found: equiv., 163. C,,H,)N,,2HNO, 
requires equiv., 160), 

3: 7-Dimethyl-4 : 7-phenanthvroline Iodide (Il; R = Me, R’ = H),--3-Methyl-4 : 7-phenan- 
throline (10 g.) was converted into its methiodide (13 g.) as for the chloro-analogue, but with a 
smaller excess of methyl iodide. The methiodide crystallised from water and from methanol 
as yellow needles, m, p. 267° (decomp.) with previous darkening (Found: I, 37-3. C,,H,,N,I 
requires 1, 37-90%). 

3: 4-Dihydro-4 : 8-dimethyl-3-0x0-4:'1-phenanthroline (III; KR = Me).—(a) The above 
methiodide (13 g.) was oxidised with alkaline potassium ferricyanide as for the chloro-analogue. 
The material precipitated by strong basification was dried and extracted with benzene (Soxhlet) 
to yield about 6 g. of crude product. This dihydro-N-methyl-oxo-compound recrystallised 
from ethyl acetate (charcoal) as very pale yellow needles, m, p. 188° (Found: C, 74-7; H, 5-4. 
CH YON, requires C, 75-0; H, 5-4%). 

(b) 6-Amino-N-methylearbostyril (2 g.) in hot concentrated hydrochloric acid (5 c.c.) was 
heated with paraldehyde (3 c.c.) under reflux on a water-bath for 1 br., then poured into water 
and adjusted to faint alkalinity; a tarry deposit was separated with the aid of charcoal. The 
supernatant liquid was then strongly basified, yielding a precipitate which was dried in a 
desiccator and extracted with benzene; 0-2 g. of a product of m, p. 184-—-185° crystallised from 
the extract after it had been treated with charcoal and concentrated. This product, after 
recrystallisation from ethyl acetate, had m, p, 187—-188°, not depressed by admixture with the 
above dihydro-N-methyl-oxo-compound. 

3-Styryl-4 : 7-phenanthroline (1; KR = CHPh:CH),.--3-Methyl-4 : 7-phenanthroline (10 g.), 
benzaldehyde (6 g.), and zinc chloride (2 g.) were heated at 140-——150° for 4 hr. The product 
was dissolved in a large volume of hot, dilute hydrochloric acid (charcoal) and reprecipitated 
by ammonia, ‘The styrylphenanthroline (12 g.) recrystallised from alcohol (charcoal) as needles, 
m. p. 166° (Found; C, 85-1; H, 6-1. CygH,,N, requires C, 85-1; H, 5-0%). 

3-Tribromomethyl-4 : 1~phenanthvoline (1; R = CBr,),—-3-Methyl-4 : 7-phenanthroline (20 g.) 
and sodium acetate (50 g.) were dissolved in hot glaciai acetic acid (100 c.c,). To the solution 
at about 70° was added, in portions with shaking, bromine (48 g.) in acetic acid (100.c.c.), When 
the mixture was heated to the b. p., a brief, brisk reaction ensued and ail the bromine disappeared. 
fhe mixture was poured into cold water, tribromomethylphenanthroline separating. This 
crystallised with poor recovery from acetic acid or chlorobenzene as needles which darkened 
and softened above about 180° (Found: C, 35-8; H, 1-8; Br, 55-5. C,,H,N,Br, requires 
C, 36-2; H, 1-6; Br, 565-6%). The last trace of colour was removed only with difficulty. 

4: 7-Phenanthvroline-3-carboxylic Acid (1; R = CO,H).—(a) The crude tribromo-derivative 
obtained from methylphenanthroline (20 g.) was boiled under reflux with 10% dilute sulphuric 
acid (200 c.c.) for 3hr, The hot solution was treated with charcoal, made alkaline with ammonia 
solution (d 0-88), filtered, and taken back to pH ca, 4 with glacial acetic acid. Deposition of 
phenanthrolinecarboxylic acid ensued, facilitated by scratching. (Precipitation from cold 
solution gave a gelatinous product which was harder to filter and wash.) The crude yield was 
6—14 g., generally about 11 g. The acid was purified by reprecipitation with acetic acid from 
a solution in ammonia (charcoal) as threads, m. p, about 255° (decomp.) (Found: C, 69-0; 
H, 3-7. C,sH,O,N, requires C, 69-6; H, 36%). No satisfactory crystallising solvent was 
found for the acid. It was readily soluble in dilute ammonia or sodium hydroxide solution 
but the sodium salt was precipitated on strongly basifying the solution in sodium hydroxide. 
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The respective salts crystallised on cooling of hot saturated solutions of the acid in mineral 
acids and were hydrolysed in water. 

When the phenanthrolinecarboxylic acid (2 g.) was heated it decomposed with evolution of 
carbon dioxide and on further heating yielded 1 g. of distillate, m. p. 168-—-170° which was 
changed only to 169-—-170° by admixture with authentic 4: 7-phenanthroline, m. p. 171°. 

(b) 3-Styryl-4 : 7-phenanthroline (5 g.) in dilute nitric acid (25 c.c. of nitric acid, d 1-4; 25 
c.c. of water) was refluxed for 5 hr. and the solution was then concentrated ander reduced 
pressur>. The residue was dissolved in hot water and basified with ammonia solution to 
produce a precipitate, largely of unchanged styrylphenanthroline (variable amount), which was 
filtered off. When the filtrate, after treatment with charcoal, was adjusted to pH ca, 4 with 
acetic acid and set aside, phenanthrolinecarboxylic acid separated in very variable amount 
which did not appear to be directly related to the purity of the starting material, The best 
yield, obtained once only, was 2} g., but in other trials the yield was between a trace and about 
lg. Phenanthrolinecarboxylic acid itself was stable in the conditions of the oxidation, 

3-Carboxy-7-methyl-4 : 7-phenanthvolinium Iodide (IL; K = CO,H, R’ = H),-—-Powdered 4; 7- 
phenanthroline-3-carboxylic acid (1-0 g.) was heated with an excess of methyl iodide in a sealed 
tube in a boiling-water bath for 8 hr, The yellow solid was separated from the cooled mixture, 
washed with ether, and dried (1-2 g.) before extraction of the methiodide from it with boiling 
water, leaving a large residue of unchanged acid. The hot solution was treated with charcoal, 
concentrated, and allowed to cool, the methiodide crystallising (0-3 g.); this crystallised from 
water as yellow needles, apparently of a hydrate, which lost water at 100° and became orange, 
m. p. about 257° (decomp.) with previous darkening and softening; it lost all the water at 100° 
over phosphoric oxide in vacuo (Found: I, 34-2, C,,H,,O,N,I requires I, 34-7%). An aqueous 
solution of the methiodide was acid (pH ca. 3). 

3-Methoxycarbonyl-7-methyl-4 : 1-phenanthrolinium Todide (11; R = COMe, R’ « H), 
Powdered 4: 7-phenanthroline-3-carboxylic acid (1-0 g.) was heated with 40% methanolic 
methy! iodide (5 c.c.) at 100° for 4 hr, forming slowly a dark brown solution and orange crystals. 
The solid product was separated, washed with ether, and dried (1-4 g.). Contaminating iodine 
was removed by boiling acetone, before recrystallisation from methanol as golden-yellow 
needles; the methiodide had m. p, about 231° (decomp.) with previous darkening and softening 
(Found: I, 32-0. CysHy,O,N,l requires I, 33-4%). An aqueous solution was only faintly 
acid (pH ea. 5), 

The pure methiodide (1-0 g.) was heated at 100° with dilute hydriodic acid (sealed tube) for 
2hr. The hot solution was then treated with sodium hydroxide solution (a small excess of the 
previously determined equivalent of the added hydriodic acid), with care to avoid loss of volatile 
material. ‘The solution, still markedly acid, was distilled to provide 10 c.c, of aqueous distillate 
from which a p-nitrobenzoate was obtained (Schotten—-Baumann), This derivative had m, p, 
94--95° (from light petroleum) and did not depressthe m. p. of methyl p-nitrobenzoate, 
m. p. 95-—96°. The residual solution in the distilling flask was treated with charcoal and 
allowed to cool; yellow needles of the acid methiodide (Il; K = CO,H, R’ = H) separated, 
orange on drying (0-6 g.), m. p. about 256° (decomp.) with previous darkening and softening 
(Found: I, 343%). 

3-Ethoxycarbonyl-4 : 7-phenanthroline (1; R = CO,Et).-Powdered 4: 7-phenanthroline-3- 
carboxylic acid (10 g.) was refluxed with absolute ethanol containing a small proportion of 
concentrated sulphuric acid until dissolved (3-5 hr.). Most of the alcohol was then distilled 
off and the resicual liquid made faintly alkaline with dilute ammonia solution, with cooling, 
The precipitated ester was washed with water and dried at 100°. A further, smaller, quantity 
of ester was obtained from a chloroform extract of the combined mother-liquor and washings, 
The ester (total yield 9 g.) crystallised from alcohol (charcoal) as needles, m, p, 163° (Pound ; 
C, 71-2; H, 48. C,sHO,N, requires C, 71-4; H, 48%). The same product (2:5 g.) was 
obtained by refluxing the acid (3 g.) with thionyl chloride (9 c.c.) for 1 hr., distilling off excess of 
thionyl chloride, refluxing the dry residue with absolute ethanol (20 c.c.), and liberating the 
ester from the alcohol-insoluble hydrochloride thus prepared 

3-Ethoxycarbonyl-7-methyl-4 : 7-phenanthrolinium Iodide (Il; R = CO,Et, R’ « H).--The 
above ester (10 g.) was converted into its methiodide by the method described for the chloro- 
analogue. The product (12 g.), separated from the mixture after dilution with ether, 
crystallised from methanol as golden-yellow needles, m. p. about 225° (decomp.) with previous 
darkening and softening ‘Found: I, 31-8. C,,H,,O,N,! requires I, 32-2%). It appeared to 
form a hydrate on contact with water. 

7 : 8-Dihydro-7-methyl-8-oxo0-4 : 1-phenanthroline-3-carboxylic Acid (IIl; RK = CO,H),.-—-The 
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above methiodide (11 g.) was oxidised with alkaline potassium ferricyanide as for the chloro- 
analogue. The mixture was strongly basified, giving the crude sodium salt of the dihydro-N- 
methyl-oxo-acid, This salt was dissolved in hot water, and the solution acidified with 90°, 
formic acid (acetic acid was not suitable), The precipitated acid (6 g.) was reprecipitated 
from solution in dilute ammonia (charcoal) as yellowish needles, m. p. about 256° (decomp.) 
(Found: C, 66-6; H, 42, CH gO,N, requires C, 66-1; H, 40%). The acid had amphoteric 
properties. 

The same product (identified by its decomp, point and m. p. of its ethyl ester) was obtained 
in similar yields from both the 3-carboxy- and the 3-methoxycarbonyl-phenanthroline 
methiodide by alkaline ferricyanide on a smaller scale (order of 1/20). 

When the acid (0-5 g.) was heated to its decomposition point, carbon dioxide was evolved 
(lime-water test). The dark residue was extracted with a small volume of hot chlorobenzene, 
and the extract was treated with charcoal and allowed to crystallise. It yielded 3 : 4-dihydro-4 
methyl-3-oxo-4 : 7-phenanthroline as pale yellow needles (0-1 g.), m. p. and mixed m. p. 
239 240° 

The ethyl ester, prepared by ethanol-sulphuric acid, and isolated by way of its yellow sulphate, 
crystallised from alcohol as very pale yellow prismatic needles or from chlorobenzene as prisms, 
m. p. 234° (Pound: C, 68-1; H, 5&1. Cy.H,,O,N, requires C, 68-1; H, 5-0%). 


My thanks are offered to Mr, J. A. Davidson for assistance in the preparative work. 
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598. The Pyrolysis of Chloroalkenes. Part IV.* The Radical- 
chain Decomposition of the 1: 2-Dichloroethylenes. 
By (Miss) A. M. Goopatr and K, E, How ert. 


In the temperature range 370-—480° cis- and trans-1 : 2-dichloroethylene 
decompose chiefly by a radical-chain mechanism to monochloroacetylene 
and hydrogen chloride. No kinetic distinction can be made between the 
pyrolyses of the two isomers because the effective reactant is an equilibrated 
mixture. The rate of dehydrochlorination is considerably reduced by the 
addition of small amounts of propene, n-hexane, or n-pentane, but it is not 
appreciably influenced by the reaction products. Keproducible induction 
periods are observed. These are dependent on the temperature, con- 
centration, and available surface area, The reaction order is uniformly 1-5 
in a packed reaction vessel but between | and 1-5 in an empty vessel. A 
mechanism is proposed which accounts for these features, The quantitative 
importance of the observations on induction periods is stressed. 


In two recent papers 4? we discussed the kinetics of the decompositions of some hexatomic 
molecules. In both radical and molecular mechanisms all unimolecular steps involving 
molecules or radicals of low atomicity are of order greater than one at reasonable working 
pressures, In the chain decomposition of trichloroethylene,' the initiating and the radical 
decomposition steps are of this type. The overall chain reaction in the case of trichloro- 
ethylene is, however, a unique type of dehydrochlorination because of the strongly 
inhibiting effect of the secondary product hexachlorobenzene. Since a much wider pressure 
range is available for the study of the pyrolysis of the 1 : 2-dichloroethylenes than for 
trichloroethylene, it was desirable to examine any chain mode of decomposition of the 
dichloroethylenes. 
EXPERIMENTAL 
The purification of the dichloroethylenes and the apparatus employed are described else- 


where,* * 


* Part ILL, /., 1956, 2640 


' Goodall and Howlett, /., 1954, 2600, 
* Idem, ]., 1966, 2640. 
* Goodall, Thesis, London, 1955. 
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Argument and Results.—As in the work detailed in other Parts of this series, the kinetics of 
the dehydrochlorinations were invariably studied by determining the amount of hydrogen 
chloride produced. It was shown in Part III * that roughly 100% yields of hydrogen chloride 
were produced after 4—-5 half-lives of the molecular decomposition of the 1 : 2-dichloro- 
ethylenes. This time interval corresponds to about 40 half-lives of the chain decomposition. 
In the present work it has been shown that at 456° (the upper end of the observed temperature 
range) the mean yield of hydrogen chloride is 102%, after 6 half-lives of the chain reaction. 
Change of mechanism does not therefore affect this result and the immediate products of the 
chain decomposition are hydrogen chloride and monochloroacetylene. 

The pyrolysis was studied over the range 372--469°, in a seasoned reaction vessel of volume 
186 c.c., and surface/volume ratio 1-7 cm.". Curves co-ordinating yield of hydrogen chloride 
with time were complex because induction periods were observed under all conditions, and the 
order of reaction was non-integral. The work was therefore performed by using only certain 
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specific initial concentrations. Typical results are shown in Fig. 1. Each experimental point 
denotes a separate run, owing to the method of analysis 

It was necessary first to determine whether or not the induction periods are an inherent 
feature of the reaction. This examination, which was carried out in a packed reaction vessel, 
followed the method of Howlett,‘ and of Barton and Howlett.* A standard pressure (68-5 mm.) 
of dichloroethylene was pyrolysed for 5 min, at 466°. ‘able 3 shows that the induction period 
is about 4-5 min. under these conditions. The reaction mixture was condensed into 4 liquid-air 
trap and then 29 mm. (equivalent to 25 mm. of reactant) were returned to the reaction vessel, 
The subsequent decomposition of this material showed an induction period and rate appropriate 
to a first pyrolysis of 25 mm. of reactant (see lig. 2). Similar experiments were repeated at 
469-56° and identical conclusions obtained. This result, coupled with the reproducibility of the 
induction periods obtained with a number of samples of reactant over a period of 18 months of 
observations, shows that the induction periods are an intrinsic part of the reaction and are not 
caused by impurities. 

Since the induction periods are long compared with the half-lives of the isomerisation 
reactions of cis- and trans-1 : 2-dichloroethylene,* and since also the rates of the subsequent 
chain decompositions are much slower than the rates of isomerisation, the effective reactant is 
an equilibrium mixture of cis- and trans-isomers in all experiments reported here. This agrees 
with the fact that the kinetics of the radical decompositions starting from either isomer are 

* Howlett, Trans. Faraday Soc., 1962, 48, 25. 


* Barton and Howlett, J., 1951, 2033. 
* Jones and Tayior, J. Amer. Chem. Soc., 1940, 62, 3480; see also Part III, 
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practically indistinguishable (see Table 1). In the major part of our work however, the cis- 
isomer has been used, because purified trans-1 : 2-dichloroethylene, even when kept in the dark 
in vacuo, slowly deposits polymeric material, while the cis-compound does not, 

In the empty reaction vessel the order of the reaction was found to vary systematically with 
temperature. This is shown in Table 2. Accordingly all the results obtained in this vessel 
are quoted as apparent first-order rate constants, Fig. 1 shows some typical first-order plots 


and Table | lists the induction periods (/) and rate constants found in the empty vessel for the 
decom position of both cis- and trans-dichloroethylene. 


| 
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@ Titre-time curve for first pyrolysis of 25 mm. of 
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© Results of pyrolysis of 25 mm. of 1: 2-dichloro 
ethylene returned from liquid-awr trap, 
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rhe uninhibited reaction has also been studied extensively in a packed reaction vessel of 
volume 124 c.c, and surface/volume ratio 22-4 cm.. The kinetics of the pyrolysis are 
substantially different in the packed vessel from those in the empty vessel, The order of 
reaction in the packed vessel is closely 1-5, both throughout each individual decomposition 
curve up to high percentages of reaction (see Fig. 3) and also over the initial pressure range 
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25—186 mm. The induction periods and 1-5-order rate constants determined in the packed 
reaction vessel are given in Table 3. 

A general point which is not brought out by superficial comparison of Tables | and 3 is that 
the rate of reaction is slower in the packed reaction vessel than in the empty vessel at the same 
pressure. The induction periods are longer in the packed vessel, 
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In both vessels the pyrolysis is strongly inhibited by small quantfties of propene, n-hexane, 
or n-pentane. Maximum inhibition is reached in each case with only about 1 mm, of additive. 
Most of this evidence has been given in Part III, but Fig. 4 shows a typical comparison of the 
course of reaction in the presence and absence of inhibitor. The extensive nature of the retard- 
ation strongly supports the idea that the normal decomposition is mainly of the radical-chain 
type. 

It was next shown that the products of the radical-chain decomposition did not act as 
inhibitors for the reaction. For this purpose 46-5 mm. of reactant were pyrolysed for 60 min, 
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in the packed reaction vessel at 456°, and then 40 mm. of reactant were added and the pyrolysis 
was continued for a further 21 min. The average amount of hydrogen chloride formed after 
41 min. was 0000190 mole. The calculated yield is 0-000170 mole. There was clearly no 
inhibition of the second part of the reaction. The slight excess of experimental over calculated 
yield is probably due to physical acceleration of the unimolecular steps of the chain reaction. 
Abortive attempts were made to confirm this idea by using “' inert’ gases, such as carbon 
tetrachloride and tetrachloroethylene, to accelerate the chain reaction physically, i.e., by using 
these additives as energy-transfer agents for the unimolecular steps of the mechanism. 
Unequivocal results were, however, not obtained. 

i-xperiments were performed in the packed reaction vessel to examine the effect of aromatic 
compounds on the pyrolysis of 1 : 2-dichloroethylene, for comparison with the decomposition of 
trichloroethylene. Purified samples of benzene and chlorobenzene were outgassed and stored 
over quinol before admission to the reaction vessel. Table 4 shows the results obtained when 


TABLE 4. 
Additive Titre : 0-Oln-NaOH Additive Titre : 0-Oln-NaOH 
5°25 c.c. 1 mm, chlorobenzene 5-00 c.c. 
l mm. benzene ... sae 3-93 3 mm. chlorobenzene 3°42 
3mm benzene 3-00 7 mm. chlorobenzene 2-25 
7 mm. benzene ; 1 mm. pentane 1-03 


46-5 mm. of 1: 2-dichloroethylene were decomposed for a standard period of 18 min. at 456° 
in the presence of these additives. The titration figures are the volumes of 0-01N-sodium 
hydroxide required to neutralise the hydrogen chloride produced. In a subsidiary experiment 
it was demonstrated that opening the reaction vessel to the trap containing quinol had no 
effect on the rate of decomposition of dichloroethylene, 


DISCUSSION 


rhe inhibition of the pyrolysis by propene, n-hexane, and n-pentane, and the induction 
periods, show that the uninhibited decomposition is overwhelmingly a radical-chain 
reaction. In Part II! it was shown that the chain decomposition of trichloroethylene is, 
kinetically, an unusual dehydrochlorination because of the inhibiting influence of the 
hexachlorobenzene produced. No comparable effect has been found with | : 2-dichloro 
ethylene. For example, the moderate pressure increases observed in the static experi 
ments prove that little trimerisation of monochloroacetylene to 1 : 3 : 5-trichlorobenzene 
occurs, Further confirmation of the stability of monochloroacetylene was obtained from 
the dynamic runs described in Part III and also from a static experiment performed at 428°. 
In this run, 60 mm. of reactant were pyrolysed for 40 min. and the products analysed for 
monochloroacetylene and hydrogen chloride, The ratio C,HC1/HC] found was 0-4, Thus, 
although monochloroacetylene is removed slowly from the system, it has much greater 
stability than dichloroacetylene since the latter is undetectable as a reaction product 4 even 
in dynamic experiments, It also seems probable that the mode of removal of monochloro- 
acetylene is different from that of dichloroacetylene because no inhibition of the 
decomposition of dichloroethylene by its own products could be detected. Some inhibition 
would undoubtedly have been expected if trichlorobenzene had been produced (cf. Table 4, 
and studies on the pyrolysis of trichloroethylene in the presence of its own decomposition 
produc ts *), 

In certain respects the kinetics of the decomposition of 1 : 2-dichloroethylene resemble 
those reported for the pyrolysis of 1:1: 1-trichloroethane.? Similar principles may be 
used in elucidating both mechanisms, but in the case of dichloroethylene there is the 
complication that the decomposition steps of molecules or radicals are probably not first- 
order unimolecular processes. 

There is no unique way of accounting for a reaction which is of 1-5 order in a packed 
vessel and tends to first order in an empty vessel. As in Part II a decision between the 
various possibilities can only be made by consideration of the induction periods, If M 


” Barton and Onyon, J. Amer. Chem. Soc., 1950, 72, 088. 
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stands for any molecular species capable of transferring energy, and S for the surface area 
of the vessel, the mechanism suggested is : 


4, 
(1) M + C,H,Cl, ——> M + C,H,Cl +- Cl 


ky, 

(2) Cl + C,H,Cl, —> HCI + C,HCI, 
', 

(3) CHCl, + S—> Cl + C,HC1 + S 


‘, 
(4) M +. C,H,Cl + Cl—> M + C,H,C), 


The steady-state simultaneous equations may be set up and, since [C,H,CI) = [CI] 
(C,HCI,), may be solved to give : 


hy kyS(CgH,Cl,! 


(A? = aS 4 hAlC, »H,Cl,)) 


Two limiting conditions arise : 
(a) IfS is small, &,[C,H,Cl,) > k,S 
Hence, Rate = k,{Cl}(CgHCl,} = (CyHyCly] /{(AykghyS)/hy} 
e., the reaction is of the first order. 
(5) IfS is large, &,[CgH,Cl,] < 4,8 
whence Rate = [(CgH,Cl,|**hy4/(4,/2,) 


e., the reaction is of 1-5 order. 

This mechanism is therefore consistent with the experimental observations on reaction 
order. The overall reaction order alone, however, does not require that steps 1 and 4 
should be of second and third order respectively. The induction periods which would 
accompany a pyrolytic reaction following the suggested scheme may be computed by the 
approximate method of Howlett. In the steady state [C,H,Cl) = &,{C,H,Cl,|/&,{Cl), 
and the rate of build up to this concentration is approximately ,{C,H,Cl,|{M). 
At this early stage of the reaction M can only be the re actant. Hence the induction 
periods are calculated to be of length (AgiC1)(C,H,Cl,|)'. Thus if S is small this is 
equal to [CgH,Cl,}'+/{kg/(k,kgk,S)}, 1.¢., the ladoction Cale should vary inversely 
as the initial concentration of reactant. Similarly if S is large the induction periods 
are calculated to be (CyH,Cl,}*4/{t/(k,k,)}, i.¢., they should vary inversely as the 

} power of the initial pressure. Reductions of one each in the orders of steps 1 and 4 
would make the induction periods invariant with pressure in the empty vessel (S small), 
and varying as [C,H,Cl,|"' in the packed vessel (S large). The variation of the induction 
periods with pressure may therefore be used to determine the orders of steps l and 4, In 
Fig. 5 the logarithms of the experimental induction periods are plotted against the 
logarithms of the initial pressures. The full lines are drawn at the theoretical slopes of 

| and —1-5 for the results appropriate to the empty and the packed vessel respectively. 
It is clear that the actual variation is close to the theoretical in the packed reaction vessel, 
so that this experimental condition corresponds to the limiting case of S being large. In 
the empty vessel the experimental variation of induction periods with pressure is slightly 
greater than that corresponding to the limiting condition that S be small. In the 
empty vessel, therefore, the induction periods vary inversely with a power of the initial 
pressure between | and 1-5. The limiting condition (S small) is thus not fully reached in 
the empty vessel. The conclusion is in agreement with that from the variation of reaction 
order with pressure. 

We have been unable to devise any other simple mechanism which is in agreement with 
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the experimental induction periods and orders of reaction in both vessels. The evidence 
of the induction periods therefore provides strong support for the mechanism. 

Further consistency tests may be made, In the empty vessel (when the limiting 
condition, S = small, is assumed) the product of rate of reaction multiplied by induction 
period should be, theoretically, k,/k,, t.c., a constant at constant temperature. The same 
result may be derived for the packed vessel, Table 5 shows that this test may be applied 
with fair success to the experimental results. Therefore, although (a) individual rates 
and induction periods may be different in the two vessels and (6) they are both pressure- 
variant, their product is a constant within experimental error. 

Further, by comparing the values of the quotients, rate/induction period for the two 
limiting conditions considered, the ratio of k,{C,H,Cl,}/k,5, may be obtained, where S, 
refers to the vessel of low surface area, Clearly the mechanistic interpretation given 
above requires this ratio to rise with temperature and to pass through unity in the temper- 
ature range in which measurements are reported. Unfortunately the empty reaction 
vessel conditions only approach the limiting case where 5 is small, so that only approximate 
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estimates can be made, The figures calculated for k,{C,H,Cl,|/k,5, are 0-1 and 0-35 at 
456° and 469-5° respectively. These figures are of the correct order of magnitude for 
consistency between the experiments and the suggested mechanism. 

It should be noted that in all the discussion, the measured rate of dehydrochlorination 
has been assumed to refer solely to the chain reaction. Since only about 5% of the 


TABLE 5. 
Packed vessel at 456° Packed vessel at 456° Empty vessel at 444-5° 
f,(mm.) Rate x J x 10** f,(mm.) Rate x J x 10** f,(mm.) Rate x J x 10** 
26 4:17 68-5 4-90 29-5 ° 
20-5 4:12 d 3-79 
37 3-75 4°27 
46:5 3-62 
* Mole 1.~. 


measured rate is due to the molecular decomposition (see Fig. 4), this assumption is 
justified. The kinetics of the chain decomposition in the empty vessel are complex, 
because the experimental conditions in this vessel do not approximate to one of the limiting 
conditions over the whole of the temperature range. Thus no general rate equation is 
satisfactory for the reaction in the empty vessel. In the packed reaction vessel, however, 
the decomposition shows 1-5-order kinetics throughout. The rate constants obtained 
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in the packed vessel (given in Table 3), together with those determined in the empty vessel 
at 372° and 387°, all refer to the limiting condition ’,{C,H,Cl,| < 4,5. They have been 
summarised by the method of least squares to give k = 101% %e°5.000/RT |.) molet sec}. 

It is of interest to compare the rates of dehydrochlorination of 1 ; 1 : 2-trichloroethane 
and of 1 : 2-dichloroethylene because 1 : 2-dichloroethylene is the immediate product of the 
first reaction. Williams * reported the somewhat unusual fact that the decomposition of 
1: 1 : 2-trichloroethane is very irreproducible. It is clear from the present work that this 
is due to the subsequent pyrolysis of 1 : 2-dichloroethylene, since the latter reaction shows 
pressure-dependent induction periods followed by a rapid rate of decomposition under the 
experimental conditions used by Williams. In fact, the half-lives reported for each 
pyrolysis separately are almost identical at 440° and 60 mm. pressure (the only figures 
quoted by Williams). According to the initial pressure of 1: 1: 2-trichloroethane 
employed, a variety of anomalous results would therefore be observed. Thus Williams's 
observations of irreproducibility are genuine and explicable. 


Beprorp CoL_ece, Lonpon, N.W.1. [| Received, March 8th, 1956.) 
* Williams, /., 1953, 113. 


599. 4-Hydroxyisophthalic Acid. 
By S. E. Hunt, J. Ipris Jones, and A. S. Linpsey. 

Some aspects of the chemistry of 4-hydroxyisophthalic acid, a by-product 
of the carboxylation of phenol by the Kolbe-Schmitt reaction, have been 
explored. A number of mono- and di-esters is described. The acetylated 
derivative, in some of its reactions, behaves as a mixed anhydride, Some 
5-substituted derivatives of the acid and its dimethyl ester have been 
prepared and their ultraviolet absorption spectra are reported and discussed, 


ro 


4-HYDROXYiSOPHTHALIC AcID is formed to the extent of 3—5% in the commercial 
synthesis of salicylic acid from sodium phenoxide and becomes the major constituent of 
the ‘ brown dust ”’ residue from the sublimation process for purification of salicylic acid,’ * 
These residues, hitherto considered an industrial waste, were found to consist of 4-hydroxy- 
isophthalic acid (80—83°%,), 2-hydroxyisophthalic acid (23%), unsublimed salicylic 
acid (10-12%), and inorganic material (2~-4°%,) and were the source of the 4-hydroxy- 
isophthalic acid used in the present work. The origin of the acid as a by-product of the 
Kolbe-Schmitt reaction will be discussed later. Methods were developed for the extraction 
of the acid from the “ brown dust”; of these, esterification, followed by separation and 
purification of the ester and subsequent hydrolysis, proved to be the most convenient. The 
dimethyl ester sublimes readily and is thus easily purified. The interesting pharmacological 
results obtained with 4-hydroxyisophthalic acid * led the authors to study some of its 
reactions and prepare several new derivatives. 
Me 
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By Fischer—Speier esterification diesters are obtained, together with small amounts of 
the mono-esters which are easily removed by treatment with dilute alkali solution, As 
reported below, the orientation of the monomethyl ester has been established as (I; R > 
H, R’ = Me). The same ester is obtained by partial hydrolysis of the dimethyl ester 

? Whittaker and Smith in Thorpe’s “ Dictionary of Applied Chemistry,” 4th edn., Longmans & Co., 
London, 1950, Vol. X, p 664 


* Hunt, Jones, and Lindsey, Chem. and Ind., 1955, 417 
* Chesher, Collier, Robinson, Taylor, Hunt, Jones, and Lindsey, Nature, 1955, 176, 206. 
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with potassium hydroxide in aqueous methanol. The monoethyl ester (1; R = H, R’ = 
kt) obtained by direct esterification is identical with that obtained by Hahle * by carboxy]- 
ation of the sodium derivative of ethy! p-hydroxybenzoate. Other esters are described in 
the Experimental section. 

Acetylation of the dimethyl and the diethyl ester with acetic anhydride in the 
conventional manner gave the 4-acetoxy-derivatives. However, attempts to acetylate 
the free acid by the standard methods or by using trifluoroacetic anhydride failed. This 
is now ascribed to hydrolysis of the acetate resulting from use of aqueous solutions in the 
working-up process. In the presence of a cation-exchange resin as catalyst, and by 
working up the product under anhydrous conditions, treatment with acetic anhydride gave 
the acetate, as well as much polymeric material. However, good yields of the acetate could 
be obtained, in the absence of catalyst, merely by allowing a suspension of the acid in ether 
to stand with excess of acetic anhydride at room temperature. The acetate is readily 
hydrolysed in cold water and, like aspirin,® it displays marked acid anhydride character, 
arising from the reversible rearrangement shown. This is reflected in the ease with which 
it is hydrolysed, its ability to acetylate @-naphthol quantitatively, its liberation of carbon 
monoxide and dioxide from anhydrous oxalic acid in pyridine, and its positive reaction in 
Davidson's colour test for anhydrides. By the same procedure, the acetyl derivative of 
the monomethy] ester (I; R H, K’ = Me) was also prepared; this, too, behaves as a 
mixed anhydride, providing additional confirmation of the orientation of the monoester. 
An earlier lack of success in acetylating y-resorceylic acid 7,8 is similarly ascribed to the 
ready hydrolysis of the resulting acetate, and acetylation has now been successfully 
accomplished by a similar procedure (see Experimental). 

When kept in pyridine solution the acetyl derivatives of the acid and the monomethy! 
ester give products of m. p, 285° and 145° respectively. These are thought to be condens- 
ation products formed in a manner analogous to the formation of acetyldiplosal from 
aspirin.® This observation accounts for the failure to obtain the simple acetyl derivative 
when the acetylation was carried out in pyridine solution. Condensation polymers of 
aromatic acetoxy-carboxylic acids have been described recently by Hasegawa.!® Acety)- 
ation of 4-hydroxytsophthalie acid under reflux conditions with acetic anhydride and an 
acid catalyst leads to extensive polymer formation, the polymers presumably being of the 
type described by Hasegawa. 

Treatment of 4-hydroxyisophthalic acid with aqueous bromine led to electrophilic 
displacement of the carboxyl groups with formation of tribromophenol, Barth and 
Schreder |! reported that 2:4: 4: 6-tetrabromocyclohexa-2 : 5-dienone was formed 
initially but was converted into 2: 4; 6-tribromophenol during recrystallisation. Similar 
displacement of carboxyl groups during bromination has also been observed with salicylic 
and p-hydroxybenzoic acid. Similarly, treatment of 4-hydroxytsophthalic acid with the 
usual nitrating mixtures gave picric acid quantitatively. The method given in the patent 
literature ™ for the preparation of 4-hydroxy-5-nitrossophthalic acid (no yield is quoted) 
was also unsatisfactory in our hands, giving yields of less than 10°, of the 5-nitro-compound 

In contrast to the free 4-hydroxyisophthalic acid the diesters were amenable to chemical 
reaction, and were readily isolated, together with the monoester, after esterification of the 
brown-dust residues. Treatment of the monomethy!l ester with aqueous bromine gave 
methyl 3: 5-dibromo-4-hydroxybenzoate and confirmed that the carboxyl group para to 
the hydroxy-group was esterified. The esterification of the o-carboxyl group is 
undoubtedly sterically hindered by the hydroxy-group.™ 

* Hahle, /. prakt, Chem., 1891, 44, 12 

* Davidson and Auerbach, /. Amer. Chem. Soc., 1953, 75, 5984. 

* Davidson, Analyt. Chem., 1954, 26, 576 

' Cartwright, Jones, and Marmion, /., 19562, 3499 

* Watson, /., 1952, 2040, and personal communication 

* GP. 236,106, 237,211; Friedlander, 1903, 10, 1115, 1117. 

” Hasegawa, Hull. Chem. Soc. Japan, 1954, 27, 327 

‘! Barth and Schreder, Monatsh., 1882, 3, 805. 

Robertson, /., 1902, 81, 1475 


"GP. 666,410/1932 
' Cf Ingold, " Structure and Mechanism in Organic Chemistry,” G. Beil, London, 1953, p. 777 
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Dimethyl 4-hydroxyisophthalate was readily brominated in the 5-position by aqueous 
bromine, its orientation being established by conversion into 6-bromo-2 : 4-dinitrophenol, 
which was directly compared with an authentic specimen. Chlorination of dimethyl 
4-hydroxytsophthalate in glacial acetic acid gave the corresponding 5-chloro-derivative. 
Treatment of the 5-bromo-derivative with aqueous potassium hydroxide and copper powder 
led to nucleophilic replacement of bromine by hydroxyl, to give 4 : 5-dihydroxyisophthalic 
acid. The product was isolated by esterification and sublimation as the monomethyl and 
the dimethyl esters, which were readily hydrolysed to the free acid. Freudenberg and 
Klink #® prepared 4: 5-dihydroxyisophthalic acid from ssohemipinice acid, which they 
obtained by methylation and hydrolysis of lignin. 

Nitration of dimethyl 4-hydroxyisophthalate with nitric-sulphuric acid gave the 
5-nitro-derivative, together with smaller amounts of picric acid and methyl 3: 5-dinitro- 
salicylate, separable by chromatography. By using a large excess of nitric acid the product 
was substantially methyl 3 : 5-dinitrosalicylate. Milder nitrating conditions were attained 
by using glacial acetic acid as solvent, and good yields of dimethyl 4-hydroxy-5-nitrotso 
phthalate were then obtained. Diethyl 4-hydroxy-5-nitroisophthalate was prepared 
similarly. 

Reduction of the 5-nitro-derivatives with aqueous sodium dithionite afforded the corre- 
sponding 5-amino-compounds. Diazotisation of dimethyl 5-amino-4-hydroxytsophthalate 
led initially to precipitation of the yellow diazonium sulphate, which when warmed in 
aqueous suspension was converted into the brilliant red diazo-oxide. Hydrolysis of the 
para-ester group also occurred and the cormpound was isolated as 1-methyl 3-hydrogen 
isophthalate 5: 6-diazo-oxide, stable towards hot sulphuric acid but decomposing 
explosively when heated. 

An alternative route to 4: 5-dihydroxyisophthalic acid was studied, starting with 
dimethyl 4-methoxyisophthalate. This was readily nitrated to give the 5-nitro-derivative. 
Reduction to the 5-amino-compound by aqueous sodium dithionite was unsatisfactory and 
the preferred method was hydrogenation in methanol over platinum black. A number of 
experiments involving preparation of the diazonium sulphate followed by treatment with 
boiling copper sulphate solution, however, failed to convert this into the expected dimethyl 
5-hydroxy-4-methoxyitsophthalate. When the diazonium chloride was used the product 
was essentially dimethyl 5-chloro-4-methoxytsophthalate. 

Schwenk et al.!* have shown that, on treatment of o- and p-methoxybenzoic acid with 
Raney nickel and aqueous sodium hydroxide, hydrogenolysis occurs with formation of 
benzoic acid; m-methoxybenzoic acid, however, is unaffected by this treatment. Applic 
ation of this method to 4-methoxytsoplithalic acid afforded isophthalic acid in over 80%, 
yield. 

An examination of the ultraviolet absorption spectra of the compounds listed in the 
Table shows that in general the three main absorption peaks characteristic of benzene 
carrying conjugated chromophoric groups are present, The 4-methoxy-5-nitro-compounds, 
however, appear exceptional in this respect. Braude '? has termed these component 
bands E, K, and B, and these correspond respectively to the second and the first primary 
and secondary bands quoted for para-disubstituted benzene derivatives by Doub and 
Vandenbelt,'* 

The spectra of 4-methoxy- and 4-hydroxy-isophthalic acid and of their dimethyl] esters 
are similar, only the secondary bands showing any marked shifts. 2-Hydroxyisophthalic 
acid shows shifts of both primary and secondary bands. With substitution in the 
5-position in both 4-hydroxyisophthalic acid and its dimethyl ester an increasing 
shift of the first primary band towards the visible region occurs in the sense NH, > OH > 
Br > Cl, #.e., in a parallel sense to their electromeric effect as shown by the polarising 
forces of the substituents calculated by Price.” Substitution of a —F group, as in the 

Freudenberg and Klink, Ber., 1940, 78, 1369. 
Schwenk, Papa, Whitman, and Ginsburg, J. Org. Chem., 1944, 9, 1. 
Braude, Ann. Reports, 1945, 42, 105. 


1* Doub and Vandenbelt, J. Amer. Chem. Soc., 1947, 69, 2714; 1049, 71, 2414 
1* Price, ‘‘ Mechanism of Reactions at Carbon-Carbon Double Bonds,” Interscience Publ., Inc, 


New York, 1946, p. 27 
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Maxima of ultraviolet absorption bands (in EtOH). 
Substituted dimethyl isophthalates 
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5-nitro-derivatives, however, caused very little shift of the first primary band. Similar 
remarks apply to the few spectra of 5-substituted 4-methoxyisophthalic acids and esters 
which are recorded in the Table. There the 5-nitro-derivatives are again anomalous, 
since only the high-intensity first primary band appears between 200 and 350 mu, and 
represents a marked shift away from the visible region. 

The surprising regularity of the shifts of both the first primary and secondary absorption 
peaks was noted for mono- and para-di-substituted benzene derivatives by Doub and 
Vandenbelt,'* and also occurs in the present series of compounds as shown by the very 
small variation in the value of the secondary : primary ratio. By plotting the shift of 
the first primary band in the 5-substituted compounds (compared with the first primary 
band of the unsubstituted compound) against 4 primary, straight-line plots were obtained 
having slopes almost identical with those obtained similarly from the mono-substituted 
benzenes.'* Similarly, plots of the shifts of the secondary band against 4 secondary gave 
straight lines, These results support the views of Doub and Vandenbelt. 

Survey of the literature shows that only a few isolated studies of the pharmacological 
activity of derivatives of 4-hydroxyisophthalic acid have been reported. Fosdick and 
Fancher ® found that the alkyl and aminoalkyl esters of 4-methoxy:sophthalic acid were 
less toxic than the procaine series and had an anesthetic efficiency of somewhat the same 
magnitude. Antitubercular activity in 6-amino-4-hydroxyisophthalic acid has also been 


*” Fosdick and Fancher, J. Amer. Chem. Soc., 1941, 63, 1277 
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claimed,”! but other investigators have found the activity to be low. Diethyl 5-amino-4- 
hydroxy:sophthalate prepared in the present work has been tested for antibacterial 
activity, in dextrose-peptone-water, with Myco. phlei NCTC 525 as test organism. How- 
ever, even at the highest level of solubility in the medium, 25 yg./ml., the compound was 
inactive. Details of pharmacological tests on the analgesic and antipyretic activities of 
4-hydroxyisophthalic acid and some related compounds have been published elsewhere.™ 


EXPERIMENTAI 


Geneval.—-Microanalyses were carried out by Miss M. Corner and her staff of this Laboratory, 
Ultraviolet absorption spectra were measured in EtOH with a Unicam 5P500 spectrophotometer 
which had been calibrated against an alkaline solution of potassium chromate.™ 

Ferric chloride colorations were obtained by dissolving approx. 1 mg. of compound in 2 ml, 
of redistilled ethanol and adding one drop of ferric chloride solution (1% neutral solution in 
ethanol). Colours recorded lasted at least 1 minute, 

Preparation of 4-Hydroxyisophthalic Acid from Brown Dust Residues._-4-Hydroxyisophthalic 
acid was extracted from commercial ‘‘ Brown Dust Residues '' from the Kolbe-Schmitt salicylic 
acid synthesis, from which the bulk of the salicylic acid had been removed either by sublimation 
or other processes. Typical extraction experiments are given below. 

(i) Solvent extraction. Brown-dust residues (20 g.) were continuously extracted first with 
carbon tetrachloride at room temperature in a modified Soxhlet apparatus to give salicylic acid 
(2-2 g.), then with chloroform at room temperature to give 2-hydroxyisophthalic acid (0-6 g.), 
and finally with dry methanol to separate the residual 4-hydroxyisophséhalic acid (16-5 g.) from 
the inorganic material (0-5 g.). The 4-hydroxyisophthalic acid, recrystallised from aqueous 
methanol, had m. p, 308—~310° (decomp.). 

(ii) Steam-distillation. Brown-dust residues (60 g.) suspended in water (500 ml.) were 
steam-distilled until the distillate no longer contained salicylic acid (3-1 g. recovered), The 
suspension of solids was treated with slight excess of solid barium carbonate (approx. 80 g.) 
whilst hot and with continuous stirring. Filtration removed insoluble barium salts, excess of 
barium carbonate, and much of the coloured impurities. Acidification of the filtrate gave 
moderately pure 4-hydroxyisophthalic acid (36 g.), which recrystallised from aqueous methanol 
as pale buff needles, m. p. 296-—300° (decomp.). Further crystallisation gave a pure specimen, 
m. p. 310° (decomp.). 

(iii) Esterification. The diesters being more useful starting materials for substitution 
experiments, this method of separating 4-hydroxyisophthalic acid was preferred. 

Brown-dust residues (100 g.), dissolved in dry methanol (1 |.) and filtered to remove inorganic 
material (4 g.), were esterified by refluxing for 24 hr. in the presence of concentrated sulphuric 
acid (10 ml.). Much of the methanol (approx. 700 mJ.) was distilled off and the residue added 
to a solution of sodium carbonate (50 g.) in water (11). The precipitated dimethyl] isophthalate 
(51 g.) was filtered off and dried, and finally crystallised from light petroleum (b. p. 60-—-80°) as 
needles, m. p. 97-56° (Found : C, 67-1; H, 4-8. Cale. for C,,HyO,: C, 57-1; H, 48%). Ether- 
extraction of the alkaline filtrate gave methyl salicylate and a little dimethy! 4-hydroxyiso- 
phthalate which was added to the main product. The rest of the methyl salicylate was 
recovered from the light petroleum mother-liquors; the bulked material amounted to 12-7 g. 

Acidification of the alkaline filtrate by hydrochloric acid gave the crude monomethyl 
4-hydroxyisophthalate (32 g.) (I; R = H, R’ = Me). Crystallisation (charcoal) from aqueous 
methanol and light petroleum (b. p, 60-—80°) gave the monoester as platelets, m, p. 200° (Found ; 
C, 55-2; H, 42. Calc. for CgH,O,: C, 55-1; H, 41%). Treatment of an aqueous suspension 
of the monomethy] ester with bromine gave methy] 3 : 5-dibromo-4-hydroxybenzoate, m. p. 125° 
after crystallisation from light petroleum (b. p. 80--100°) (Found: C, 31-0; H, 1-9; Br, 61-4, 
Calc. for C,H,O,Br,: C, 31-0; H, 1-9; Br, 51-6%). 

By use of ethanol as solvent, diethyl 4-hydroxyisophthalate, m. p. 54-5° (Found; C, 60-5; 
H, 58. Cale. for C,,H,,O,: C, 60-5; H, 60%), and l-ethyl 3-hydrogen 4-hydvroxyisophthalate, 


*1 Bavin, Drain, Seiler, and peyemous, I Pharm. Pharmacol, 1952, 4, 844. 
r 


*% Cf. Beyerman and Alberda, Rec. av. chim., 1950, 69, 1021; Checcacci, Logemann, Pistoia, 
and Lauria, Nature, 1954, 173, 588 

* The authors are indebted to Dr. H, O. J. Collier for permission to publish this result 

* Collier and Chesher, Brit. ]. Pharmacol,, 1956, 11, 20 

** Haupt, J. Res. Nat. Bur. Stand., 1962, 48, 414 
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m, p. 195-6° (1; R « H, R’ = Et) (Found: C, 57-1; H, 48. C,,H,,O, requires C, 57-1; H, 
4-7%), were prepared in the same way. 

Alkaline hydrolysis of either the mono- or the di-ester and recrystallisation of the free acid 
from aqueous methanol gave 4-hydroxyisophthalic acid as needles, m. p. 312-—-313° (decomp.) 
(hound: C, 52-7; H, 32. Cale. for C,H,O,: C, 62-7; H, 33%), giving a claret ferric chloride 
colour, Infrared absorption spectrum (as mull in Nujol) (Nujol bands omitted) ; 3155 (w; sh), 
2067 (8), 2653 (w), 2545 (w), 1704 (8; sh), 1669 (s), 1653 (s; sh), 1590 (m), 1468 (s; sh), 1418 (m), 
1311 (m; sh), 1289 (m; b), 1233 (m), 1212 (m), 1198 (m), 1155 (w), 1117 (w), 1083 (w), 935 (w), 
920 (w), B51 (w), 800 (w), 773 (w), 691 (m) cm.” (w weak, m medium, 8 = strong, sh 
shoulder, by broad), 

Mono- and Di-n-propyl, Di-a-butyl, and Di-n-pentyl Esters of 4-Hydroxyisophthalic Acid 
Esterification of 4-hydroxyisophthalic acid with n-propyl, n-butyl, and n-pentyl alcohol 
respectively in the presence of sulphuric acid gave good yields of di-n-propyl (from light 
petroleum, b. p. 40--60°), m. p. 23-6", b. p. 142--145°/0:15 mm, (Found: C, 63-4; H, 6-7 
Cll, O, requires C, 63-1; H, 68%), mono-n-propyl, m. p. 171-—172° (from methanol) (Found : 
C, 6485; H, 5&3. Cy,Hy,O, requires C, 58-9; H, 53%), di-n-butyl, purified by distillation, 
mp. ~ 3° to —1°, b. p, 169°/0-1 mm., n? 1-5048 (Found : C, 65-3; H, 7:35. C,¢H,,O, requires 
, 653; H, 7-5%,), and di-n-pentyl 4-hydroxyisophthalate, b. p. 188-—-192°/0-1 mm., nf 15012 
(Kound: C, 67-6; H, 7-8. C,,H,,O, requires C, 67-1; H, 8-1%) 

Partial Hydrolysis of Dimethyl 4-Hydroxyisophthalate.--To a solution of the dimethyl ester 
(1-0 2.) in BY% methanolig potassium hydroxide (10 ml.) was added water (10 ml.), and the 
solution refluxed for 3 hr. Ether-extraction removed non-hydrolysed ester (~50 mg.) and 
acidification gave the monomethyl ester (#00 mg.). It recrystallised as almost colourless 
flakes, m. p. and mixed m. p. 196--197° (Found; C, 54-9; H,4-1. Cale. for C,H,O,: C, 55-1; 
H, 4:1%,), from aqueous methanol 

Acetylation of Dimethyl and Diethyl 4-Hydvoxyisophthalate.The dimethyl ester (500 mg.) in 
dry pyridine (20 ml.) with acetic anhydride (2 ml.) overnight gave dimethyl 4-acetoxy 
tsophthalate which on recrystallisation from methanol had m, p. 92° (hound: C, 57-3; H, 47. 
Cale, for CyH,,0,: C, 57-16; H, 48%) and depressed the m. p. of the starting material on 
admixture 

Acetylation of diethyl 4-hydroxyisophthalate similarly gave the acetate, b. p. 205 
219°/0-9 mm., nf? 1-5043 (Found; C, 60-1; H, 58. C,,H,,O, requires C, 60-0; H, 56-75%). 

Acetylation of 4-Hydvoxyisophthalic Acid.--Attempts to acetylate the acid by pyridine-acety] 
chloride, pyridine-acetic anhydride, acetic anhydride—sulphuric acid, acetic anhydride~—perchloric 
acid, acetic anhydride-sodium acetate, and trifluoroacetic anhydride failed and in most cases 
the acid was recovered, Refluxing 4-hydroxyisophthalic acid (10 g.) with acetic anhydride 
(75 ml.) in the presence of sulphonated polystyrene resin beads (Amberlite 112) for 5 hr., 
filtering off the resin and removing the excess of acetic anhydride and acid azeotropically with 
dry benzene (reduced pressure) led to a gum. Extraction of this with ethyl acetate furnished 
4eaceloxyisophthalic acid (1 g.), which after recrystallisation from light petroleum (b. p. 80 
100°)-ethyl acetate had m, p. 192-—-193° (decomp.) (Found; C, 53-7; H, 3-6. CygH,O, requires 
C, 63-6; H, 3-6%). With ethanolic ferric chloride it gave no colour but on standing in water it 
was hydrolysed readily to the parent acid, which then gave a claret colour with ferric chloride 
rhe non-erystalline residue separated from acetone-benzene as an amorphous powder, m. p. 
285--200° (Mound; C, 56-1; H, 3-4%), which gave no colour with alcoholic ferric chloride. 

Acetylation was effected more readily without the use of a catalyst. 4-Hydroxyisophthali: 
acid (10 g.) with acetic anhydride (30 g.) in ether (100 ml.) was kept at room temperature for 
3days. After 24 hr. the acid was completely in solution. Removal of the ether and addition 
of benzene gave 4-acetoxyisophthalic acid (10-8 g.), m. p. 192° (decomp.) (Found: C, 53-5; H, 
38%). rom the benzene solution a small amount of resin was obtained. 

Reactions of 4-Acetoxyisophthalic Acid.-—(a) The acid (2-5 g.) was heated for 15 min. on the 
steam-bath with @-naphthol (1-4 g.) in pyridine (6 ml.). Adding water precipitated §-naphthy] 
acetate (1-6 ¢.), m. p, 71° (from methanol-water), 

(6) Addition of the acid to a pyridine solution of anhydrous oxalic acid led to vigorous 
evolution of carbon dioxide and monoxide. 

(c) With (4)-a-p-nttrobensamido-a-phenylacetic acid ™ (Davidson's reagent). Addition of 
the acid (30 mg.) to a 3% solution (1 ml.) of the reagent in pyridine gave an intense blue colour 
This gradually faded but the colour was restored on warming or on addition of dilute 
sodium hydroxide solution 

** Ingersoll and Adams, ]. Amer. Chem. Soc., 1922, 44, 2930 
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(d) A solution of the acid (3 g.) in pyridine (10 ml.) was kept at room temperature for 24 hr. 
Addition of water did not cause precipitation but with dilute hydrochloric acid a white 
precipitate separated. This was extracted with ether and furnished material (2-7 g.), m. p. 285° 
(decomp.) (Found: C, 55-7; H, 3-8. Cale. for C,,H,,O,,: C, 557; H, 31%) after 
recrystallisation from benzene-acetone. Further purification failed to give closer agreement 
in the analytical results. 

Acetylation of 1-Methyl 3-Hydrogen 4-Hydroxyisophthalate.--The ester (1 g.) was kept for 
3 days with acetic anhydride (2 g.) in ether (10 ml.).  Kemoval of solvent and crystallisation of 
the residue from light petroleum (b. p. 60-——-80°)-chloroform gave the acetate, m. p. 143° (1-1 g.) 
(Found: C, 55-5; H, 4-2. C,,H,O, requires C, 55-5; H, 4.2%). This derivative gave a blue 
colour with Davidson’s reagent. A solution of the ester (0-5 g.) in pyridine (5 ml.) deposited in 
24 hr. needles, m. p. 145° [from light petroleum (b. p. 60-—80°)-chloroform} which depressed the 
m. p. of the original ester. It contained nitrogen and was presumably a pyridine salt of an 
unidentified condensation product. 

Acetylation of y-Resorcylic Acid.—y-Resorcylic acid (2 g.) was refluxed in acetic anhydride 
(50 g.) in the presence of a sulphonated polystyrene resin (Amberlite 112) for 3 hr. After 
removal of the resin and distillation of the solvent under reduced pressure 2 ; 6-diacetowybenzotc 
acid, m. p. 113--114° (from benzene) (Found: C, 55:5; H, 44. C,,HygO, requires C, 55-5; H, 
42%), was obtained in quantitative yield. It gave no colour with alcoholic ferric chloride, 

Bromination of 4-Hydroxyisophthalic Acid..-Aqueous bromine was added to a solution of 
4-hydroxyisophthalic acid (500 mg.) in aqueous ethanol until the yellow colour persisted. The 
precipitated bromo-compound was washed and recrystallised from aqueous ethanol. The dried 
material (350 mg.; m, p. 90-—91°) sublimed as needles, m. p. 93-—-94° alone or mixed with 
2:4: 6-tribromophenol (Found: C, 21-5; H, 0-9; Br, 72-9. Cale. for CgH,OBr,: C, 21-75; 
H, 0-9; Br, 72-5%). 

Dimethyl 5-Bromo-4-hydroxyisophthalate..-Aqueous bromine was added to a methanolic 
solution of dimethyl 4-hydroxyisophthalate (0-5 g.) with stirring and warming until the yellow 
colour persisted. The precipitate, recrystallised from methanol (charcoal), gave dimethyl 5- 
bromo-4-hydroxyisophthalate as needles, m. p. 146—147° (Found: C, 41-6; H, 3-06; Br, 
27-3. C,.H,O,Br requires C, 41-5; H, 3-1; Br, 27-7%), giving a red ferric chloride colour. 
Alkaline hydrolysis of this ester gave 5-bromo-4-hydroxyisophthalic acid, needles, m. p, 208° 
(decomp.) (from water) (Found: C, 37-1; H, 1-0; Br, 30-7. C,H,O,Br requires C, 36:8; 
H, 1-9; Br, 30-7%), giving a claret-coloured ferric chloride reaction 

Confirmation of the Orientation of 5-Bromo-4-hydroxyisophthalic Acid.-5-Bromo-4-hydroxy 
isophthalic acid (0-5 g.) was added gradually to concentrated sulphuric acid (4-5 ml.), fuming 
nitric acid (3-5 ml.), and water (1-0 ml.) at room temperature. When evolution of carbon 
dioxide had ceased and all the material was in solution, the mixture was poured immediately 
into an equal volume of water. Overnight, bright yellow crystals (250 mg.) separated which on 
crystallisation from ethanol had m. p. 118-—-119° alone or mixed with 6-bromo-2 : 4-dinitro 
phenol. 

Dimethyl 5-Chloro-4-hydvoxyisophthalate.-A slow stream of chlorine was passed for 1-6 hr. 
through a solution of dimethy] 4-hydroxyisophthalate (1-00 g.) in glacial acetic acid (15 mL), 
which was then set aside overnight. The prisms (900 mg.) which had separated were filtered off 
and recrystallised from methanol, to give dimethyl 5-chloro-4-hydrosyisophthalate a8 prisms, m. p. 
139-—-140° (Found: C, 48-8; H, 3-7; Cl, 141. C,,H,O,Cl requires C, 49-1; H, 3-7; Cl, 146%), 
giving a red ferric chloride colour, 

Alkaline hydrolysis gave 5-chloro-4-hydroxyisophthalic acid, needles, m. p. 292--203° 
(decomp.) (from water) (Found ; Cl, 16-6. C,H,O,Cl requires Cl, 16-4%,) (claret-coloured ferric 
chloride reaction). 

Conversion of Dimethyl 5-Bromo-4-hydroxyisophthalate into 4; 6-Dihydroxyisophthalie Acid, 
Dimethyl! 5-bromo-4-hydroxyisophthalate (3-0 g.) was refluxed with 20% aqueous potassium 
hydroxide (20 ml.) and copper powder (0-1 g.) for 18 br. under nitrogen. After filtration and 
addition of an equal volume of water, concentrated hydrochloric acid gave a precipitate 
containing silica. The product [2-5 g.; m. p. 265° (decomp.)) was recovered by ether-extraction. 
Preliminary experiments had shown that this product, consisting of 4: 5-dihydroxy- with a small 
amount of 4-hydroxy-tsophthalic acid, was not readily purified by recrystallisation or chrom- 
atography. It was esterified by methanol-sulphuric acid and separated in the usual way into 
dimethyl 4: 5-dihydroxyisophthalate, needles (1-45 g.), m. p. 140-—141° (Found: C, 63-1; H, 
4-5. Cale. for CygHyO,: C, 53-1; H, 445%) (pale blue ferric chloride colour), and methyl 
hydrogen 4: 5-dihydroxyisophthalate (0-7 g.), needles, m. p. 218—219° (after subiimation at 
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185°/20 mm.) (Found; C, 50-8; H, 3-8. Calc, for CjH,O,: C, 50-95; H, 38%) (royal-blue 
ferric chloride colour). 

Alkaline hydrolysis of the dimethyl ester gave the dicarboxylic acid which recrystallised 
from water as needles, m, p. 296° (decomp.) (Found: C, 48-6; H, 3-15. Cale. for C,H,O,: 
C, 48-5; H, 3-0%,) (royal-blue ferric chloride colour). 

Nitvation of 4-Iydvoxyisophthalic Acid,—(i) 4-Hydroxyisophthalic acid (1-0 g.) was added 
slowly to fuming nitric acid (9 ml.), sulphuric acid (9 ml.), and water (2 ml.) at 0°. After the 
solid had dissolved (with some effervescence) the solution was left overnight at room temper- 
ature, then poured into water (150 ml.). The product, crystallised from chloroform, had m. p. 
120.-122°, alone or mixed with picric acid, m. p. 122°. 

(ii) (Cf. GP. 5665,410/1952.) To 4-hydroxyisophthalic acid (2 g.), dissolved in concentrated 
sulphuric acid (2-4 ml.; d 1-84) and cooled to 0°, was added dropwise ice-cold sulphuric 
acid (1-6 ml.)-nitric acid (1-6 ml.; d 1-38), Some effervescence occurred and, after the 
mixture had attained room temperature, it was heated for 2 hr. on the steam-bath and poured 
into a small volume of ice-cold water (10 ml.), 4-Hydroxy-5-nitroisophthalic acid (0-2 g.) 
separated which on crystallisation from chloroform had m. p. 235—-236° alone or mixed with the 
5-nitro-diacid prepared by hydrolysis (see below). 

Nitvation of Dimethyl 4-Hydroxyisophthalate.-To a solution of dimethyl 4-hydroxytso- 
phthalate (11-8 g.) in concentrated sulphuric acid (12 ml.) at 0° was added an ice-cold mixture of 
sulphuric acid (4 ml.) and nitric acid (3-9 ml,; d 1-42) dropwise with stirring. After being left 
overnight at room temperature the mixture was poured into ice-water (100 ml.). Crystallis- 
ation of the crude product (9 g.), which also contained small amounts of picric acid and methyl 
3; 5-dinitrosalicylate, did not effect purification. Part of the crude product (2 g.) was there- 
fore chromatographed in benzene on silica gel, giving (fractions 7—-17; benzene) dimethyl 
4-hydroxy-6-nitroisophthalate (0-8 g.), m. p. 105-5° (from methanol) (Found: C, 47-05; H, 3-6; 
N, 6-4. Cale, for CygHyO,N: C, 47:1; H, 3-5; N, 55%), giving an orange ferric chloride colour. 

Alkaline hydrolysis of the diester gave 4-hydroxy-5-nitroisophthalic acid, needles, m. p. 237 
238° (from water) (Found; C, 42-6; H, 18; N, 61. Cale. for C,H,O,N: C, 42-3; H, 2-2; N, 
6-2°%,) (orange ferric chloride colour), 

A similar nitration experiment but with a large excess of nitric acid gave substantially 
methyl 3: 5-dinitrosalicylate, m, p. 129-5° (Found: C, 400; H, 2-6; N, 11-0. Calc. for 
C,H,O,N: C, 30-8; H, 2-6; N, 11-3%), hydrolysed to 3 ; 5-dinitrosalicylic acid, m. p, 171-5— 
172° (from water) (Found; C, 36-7; H, 1-9; N, 12-35, Cale. for C,H,O,N,: C, 36-85; H, 
1:76; N, 12-3%). 

Nitration of Diethyl 4-Hydroxyisophthalate.—To an ice-cold solution of diethyl 4-hydroxyiso- 
phthalate (20 g.) in sulphuric acid (40 ml,; d 1-84) and acetic acid (40 ml.) was added dropwise 
ice-cold sulphuric acid (12 ml.)-nitric acid (12 ml,; d 1-50). After 30 min, the product crystal- 
lised and was completely precipitated by water. Diethyl 4-hydroxy-5-nitroisophthalate (21 g.), 
recrystallised from ethanol, had m, p, 92-——93° (Found; C, 560-9; H, 465; N, 4-8. C,,H,,0,N 
requires C, 50-9; H, 4-6; N, 495%). 

Dimethyl 6-Amino-4-hydroxyisophthalate.—To a stirred suspension of dimethyl 4-hydroxy-5 
nitroisophthalate (3-2 g.) in water (30 ml.) was added portionwise sodium dithionite dihydrate 
(12 g.) at <30°,. After 4 hours’ stirring, the mixture was made alkaline by sodium carbonate 
and extracted with ether, and the amine removed from the ethereal solution by 50% hydro- 
chloric acid. Treatment with sodium carbonate liberated dimethyl 5-amino-4-hydroxyiso- 
phthalate (1-7 g.), m, p. 170° (Found: C, 53-4; H, 5-05; N, 63. C,,H,,O,N requires C, 53-3; 
H, 5-0; N, 62%) (pale green-blue ferric chloride colour), 

Diethyl 5-Amino-4-hydroxyisophthalate.-To a stirred suspension of diethyl 4-hydroxy-5- 
nitroisophthalate (8 g.) in water (80 ml.) and ethanol (30 ml.) was added sodium dithionite (35 g.) 
portionwise, at <30°, Next morning, basification and ether-extraction removed the free amine 
and unchanged material, Washing the ether extract with 17% hydrochloric acid and liberating 
the product with aqueous ammonia gave diethyl 5-amino-4-hydroxyisophthalate (5-8 g.), needles 
(from methanol), m. p, 127° (Found: C, 57-0; H, 6-3; N, 5-25. C,,H,,O,N requires C, 57-0; 
H, 5-9; N, 66%). 

5-Amino-4-hydroxyisophthalic Acid.—Dimethy| 5-amino-4-hydroxyisophthalate (225 mg.) 
was hydrolysed with 0-1n-sodium hydroxide (35-2 ml.), From the acidified solution 5-amino-4- 
hydroxyisophthalic acid crystallised as needles (185 mg.) which, recrystallised from water, had 
m, p. 207° (decomp.) (Found: C, 48-8; H, 3-5; N, 7-35. C,H,O,N requires C, 48-7; H, 3-6; 
N, 71%) (orange ferric chloride colour), 

Diazotisation of Dimethyl 5-Amino-4-hydroxyisophthalate.-To a solution of dimethyl 
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5-amino-4-hydroxyisophthalate (2 g.) in 50% sulphuric acid (15 ml.) at 0° was added an ice-cold 
solution of sodium nitrite (0-6 g.) in water (56 ml.). An immediate yellow colour developed and, 
gradually, a yellow precipitate. Water (20 ml.) was added, excess of nitrite removed with urea, 
and the mixture warmed on the steam-bath for 2 hr. The red precipitate (1-5 g.), repeatedly 
crystallised from acetone, gave 3-methoxycarbonylbenzoic acid 5: 4-diazo-oxide as dark red 
crystals, m. p. 154° (explode) (Found; C, 48-9; H, 2-8; N, 126. C,H,O,N, requires C, 48-65; 
H, 2:7; N, 126%). 

After treatment of the diazo-oxide with concentrated sulphuric acid and hot copper sulphate 
solution it was recovered unchanged. 

Dimethyl 4-Methoxyisophthalate,—4-Hydroxyisophthalic acid (21 g.) with aqueous sodium 
hydroxide and dimethyl] sulphate gave a mixture of mono- and di-methyl esters. Esterification 
was completed by refluxing methanol-sulphuric acid. The non-acidic fraction gave dimethy! 4 
methoxyisophthalate (10 g.), m. p. 95° (from methanol) (Found: C, 58:8; H, 5-4. Cale, for 
C,,H,,0,;: C, 58-85; H, 5-4%). 

4-Methoxyisophthalic Acid by Oxidation of 2 : 4-Dimethylanisole. —4-Methoxyisophthalic acid 
(56-5 g.) was obtained by oxidation of 2: 4-dimethylanisole (67 g.) with potassium 
permanganate.” Crystallised from water, it had m. p. 276° (decomp.). 

Hydrogenolysis of Dimethyl 4-Methoxyisophthalate.Dimethyl 4-methoxyisophthalate (200 
mg.) was warmed with 10% aqueous sodium hydroxide (10 ml.) until dissolved, the temperature 
then raised to 90°, and Raney nickel (1-0 g.) added portionwise. After a further hour at 90°, 
the filtered solution was poured into concentrated hydrochloric acid. The precipitate, washed 
with water, dried, crystallised from methanol, and sublimed, gave isophthalic acid (120 mg.), 
m., p. 310-—-320° (sublimes) (Found: C, 57-75; H, 3-55. Calc, for C,H,O,: C, 57-8; H, 36%), 
giving no colour with aqueous ferric chloride. Ultraviolet absorption max, (in EtOH): 207, 
225, 280, 288 my (log ¢ 4-57, 4-08, 2-98, 2-98 respectively) [Morton and Stubbs ” give 2,,,, 227, 
280, 288 my (log e 4-16, 3-11, 3-06 respectively)). 

Nitration of Dimethyl 4-Methoxyisophthalate,-To an ice-cold solution of the ester (5 g.) in 
sulphuric acid (10 ml.) and glacial acetic acid (10 ml.) was added dropwise an ice-cold mixture of 
sulphuric acid (3 ml.; d 1-84) and nitric acid (3 ml.; d 1-50), The reaction mixture was kept at 
room temperature for 2-5 hr., then poured on ice (100 g. approx.). Dimethyl 4-methoxy-6-nttro- 
isophthalate (4 g.), recovered by filtration, recrystallised from methanol and then light petroleum 
(b. p. 60-—-80°) as needles, m. p, 85° (Found; C, 49-1; H, 4:3; N, 6-26. C,,H,,O,N requires 
C, 401; H, 4:1; N, 52%). Alkaline hydrolysis gave 4-methoxy-5-nitroisophthalic acid, needles, 
m, p. 225-—-256° (from water) (Found: C, 44:7; H, 2-9; N, 6-0. C,H,O,N requires C, 44-8; H, 
2:9; N, 58%). 

Dimethyl 5-Amino-4-methoxyisophthalate.—Dimethy! 4-methoxy-5-nitroisophthalate (1-0 g.) 
in anhydrous methanol (25 ml.) containing Adams catalyst (0-1 g.) was shaken in hydrogen. 
Absorption was rapid until the theoretical amount had been taken up. Filtration and evapor- 
ation under reduced pressure gave an orange oil which crystallised from methanol (low temper 
ature) or benzene-light petroleum (b. p. 80-—100°) (room temperature), to give dimethyl \-amino 
4-methoxyisophthalate (0-7 g.), m. p. 63-—64° (Found: C, 55-4; H, 5-6; N, 60. C,H,,O,N 
requires C, 55-2; H, 5-5; N, 56-85%). 

Diazotisation of Dimethyl 5-Amino-4-methoxyisophthalate.—-To this ester (2-3 g.) in 50% 
hydrochloric acid (20 ml.) at 0° was added an ice-cold solution of sodium nitrite (0-69 g.) in water 
(5 ml.). Urea was added and the solution run slowly into a boiling solution of copper sulphate 
(100 g.) in water (120 ml.), covered with toluene (20 m1.), which was continuously stirred, After 
10 minutes’ heating, the solution was cooled, the toluene layer separated, and the copper sulphate 
solution washed with toluene (10 ml.) which was added to the main bulk. Removal of toluene 
under reduced pressure gave a solid (2 g.), m. p. 70-75", which on chromatography in light 
petroleum (b. p. 40-—-60°) over alumina, elution with light petroleum (b. p, 40-—-60°)~—benzene, 
and crystallisation from light petroleum (b. p. 60-—-80°) gave dimethyl 5-chloro-4-methoxyiso 
phthalate as needles, m. p. 77-—-78° (Found: C, 51-1; H, 4:3; Cl, 13-9. C,,H,,O,Cl requires 
C, 51-1; H, 42; Cl, 13-7%). 

The work described formed part of the programme of the Chemical Research Laboratory and 
is published by permission of the Director. We thank Monsanto Chemicals Ltd, and Howards 
of Ilford Ltd. for gifts of brown-dust residues. 

CuemicaL Researcn Laporatory, DS.1R., 

TEDDINGTON, MIDDLESEX Received, April 11th, 1956.) 

*7 Morton and Stubbs, J., 1940, 1348. 
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600. The Infrared Spectra of Some Metal Ammines and 
Deuteroammines. 


By D. b. Powerit and N. SHEPPARD. 


Infrared spectra have been obtained of a representative series of metal- 
ammonia co-ordination complexes (metal ammines), and of several of the 
corresponding trideuteroammines, These enable clear-cut vibrational assign- 
ments to be made for ali of the main bands observed in the spectra of the 
ammines between 4000 and 700 cm.', In particular those that usually occur 
in the vicinity of 800 cm.~' are shown to represent rocking modes of the co- 
ordinated ammonia molecules, Extra bands not observed before have been 
found in several cases near 500 cm.*; these represent bond-stretching 
frequencies of the metal-nitrogen skeleton, 

There is a general correlation between the stability of the ammines and 
the frequencies of certain of the NH, angle-deformation vibrations and yM—N 
vibrations, 


Some years ago Duval, Duval, and Lecomte ! studied the infrared spectra of a number of 
metal-ammonia co-ordination complexes (metal ammines). They reported absorption 
bands in the regions of 1500,* 1200,* and 800 cm.-!. They considered that the first two 
represent the frequencies of the internal asymmetrical and symmetrical angle deformation 
vibrations of the ammonia molecules as modified by co-ordination with the metal atom 
[8ue(NH,) and 8(NH,) respectively]; the corresponding absorption bands of ammonia itself 
occur near 1628 and 950 cm. in the gaseous state and at 1646 and 1060 cm.-! in the 
crystalline solid state.* These assignments of the ammine bands are agreed as correct by 
most subsequent workers in the field * 4° and are confirmed by the present work. Hill and 
Rosenberg * recently suggested that the bands at ca. 1300 cm.~! are to be assigned to the 
stretching vibrations of the metal-nitrogen bonds (VWM—N). However the present results 
show that the vM—N frequencies occur at much lower values. 

Lecomte and his colleagues! pointed out that the bands at ca. 800 cm.~! might be 
assigned either to another angle deformation mode of the NH, group [presumably the 
‘external’ M-NH, rocking vibration 8(NH,)} or alternatively to a bond-stretching 
vibration (VM-N) of the heavy-atom skeleton, In the literature to date no agreed assign- 
ment of these bands has been reached although subsequent workers have usually chosen 
one or other of the above alternatives. 

As Duval, Duval, and Lecomte ! originally pointed out, the best way to distinguish 
between these alternative possibilities is to study the spectra of the corresponding complexes 
with ND, ligands. If the band at ca, 800 cm. represents the NH, rocking mode it 
should be lowered in frequency by a factor approaching !/4/2 in the spectra of the deutero- 
ammines; if it is a ¥M-N frequency it should be little changed. The spectra of a number 
of ammines and deuteroammines have therefore now been studied between 3500 and 
450 cm. *. They show clearly that the bands at ca, 800 cm.~! are to be assigned to NH, 
rocking modes, This is in agreement with the very recent conclusions of Mizushima, 
Nakagawa, and Quagliano? which were based on calculations of the likely rocking 
frequencies of co-ordinated NH, groups. The same authors also made some preliminary 
deuteration experiments with (Co(NH,),)Cl, and showed that the band at ca. 800 cm.~? is 
shifted. However, they made no measurements in the lower-frequency potassium bromide 


* The more extensive range of compounds studied since shows that better mean positions of these 
bands would be 1600 and 1300 cm.~' respectively, 


Duval, Duval, and Lecomte, Compt. rend., 1947, 224, 1632. 

Reding and Hornig, /. Chem. Phys., 1951, 19, 594. 

Faust and Quagliano, /. Amer. Chem. Soc., 1954, 76, 5346 

Merritt and Wiberley, /. Phys. Chem., 1955, 59, 55 

Kobayashi and Fujita, /. Chem. Phys., 1955, 28, 1354. 

Hill and Rosenberg, ibid., 1954, 22, 148 

Mizushima, Nakagawa, and Quagliano, /. Chem. Phys., 1955, 23, 1367; Nakagawa and Mizushima, 
Bull. Chem. Soc. Japan, 1965, 28, 589. 
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region of the spectrum to observe the new band and hence the degree of the isotopic shift 
was undetermined. Such measurements have been carried out in the present study. In 
the course of the work additional bands were observed near 500 cm.~! in several cases which 
are undoubtedly due to the yM—N vibrations. 


EXPERIMENTAI 


Preparation of Ammines.—{Co(NH,),/Cl, ; this was prepared by oxidation of an ammoniacal 
cobalt chloride solution by a stream of air, in the presence of active carbon, as described by 
Bjerrum and McReynolds.* 

[Co(NH,), CHCl, : ammoniacal cobalt chloride was oxidised with a stream of air by Sérensen’s 
method, described by King.® 

trans-{Pd(NH,),Cl,| : palladous chloride was dissolved in just sufficient dilute hydrochloric 
acid to prevent hydrolysis; excess of concentrated ammonia was added until the solution 
became pale yellow and the dichlorodiammine was precipitated by addition of dilute bydro- 
chloric acid.” 

{[Pd(NH,),)Cl,,H,O: trans-[Pd(NH,),Cl,] was dissolved in excess of concentrated aqueous 
ammonia and ammonium chloride, The solution was then aliowed to crystallise.“ 

[Pt(NH,),)Cl,: this was prepared by dissolving the “ green salt '’ [Pt(NH,),)PtCl, in excess 
of aqueous ammonia and precipitating the tetrammine with alcohol-acetone. The preparation 
is described in detail by Keller.'* 

tvans-(Pt(NH,),Cl,] : the tetrammine described above was heated in an oil-bath at 260° for 
20min. The product was extracted with hot water, and the crystals which separated on cooling 
were recrystallised from water as recommended by Biltz.* 

(Cu(NH,),)SO,,H,O: this was precipitated from ammoniacal cupric sulphate solution by 
the addition of alcohol." 

[Ag(NH,),],5O, : silver nitrate was evaporated with dilute sulphuric acid, and while still hot 
the silver sulphate formed was dissolved in concentrated aqueous ammonia and allowed to 
crystallise,™ 

(Co(NH,),|Cl,: this was prepared by adding a concentrated solution of cobalt chloride to 
aqueous ammonia. The precipitate was dissolved by warming, and the solution allowed to 
crystallise. Air was excluded throughout the preparation." 

The corresponding deuteroammines were prepared by two methods. The compounds 
Co(NH,),/Cl, and [Pd(NH,),Cl,] were refluxed repeatedly with successive small amounts of 
pure D,O, the excess being removed by heating gently on an electric hot-plate, All operations 
including the preparation of samples for infrared examination were handled by the usual “' dry 
box ’’ procedure, Both (Cu(NH,),JSO,,H,O and [Ag(NH,),|,50, were too sensitive to hydrolysis 
for this method to be used, and so were treated with successive small amounts of D,O, some of 
the solvent being removed at each stage by storage over active alumina; no attempt was made 
to isolate these ammines in the solid state, the spectra being investigated in D,O solution, 

Determination of Spectra.—Most of the infrared spectra were obtained with a Hilger D 200 
double-beam spectrometer, modified to provide a focus in the sample beam. Spectra were 
obtained with rock-salt and potassium bromide prisms from 1650 to 450 cm.', A few of the 
spectra of the ammines were taken from 4000 to 700 cm. ' on a Perkin-Elmer 21 double-beam 
instrument. 

Samples were prepared for examination by the usual methods, these depending on the 
nature of the ammine and the spectral region to be examined. Vor the cobalt, platinum, and 
palladium ammines and deuteroammines, the potassium bromide dise and Nujol mull methods 
were used. In the case of the copper and silver ammines the potassium bromide reacted with 
the compounds and so either a Nujol mull, or a concentrated aqueous solution between silver 
chloride plates, was used. 

The aqueous solutions had several disadvantages as they absorbed too strongly in the 


Inorg. Synth., 1946, 2, 216 
* King, Inorg. Preparations, 1936, 103 
Mellor, “ Inorganic and Theoretical Chemistry,” Longmans, London, 1936, Vol. XV, p. 664. 
Op. cit., p. 667. 
Keller, Inorg. Synth., 1946, 2, 250. 
Biltz, reported by Mellor, op. cit., 1937, Vol. XVI, p. 261 
King, Inorg. Preparations, 1936, 103. 
Idem, ibid., p. 102 
Op. cit., 1935, Vol. XIV, p. 630. 
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potassium bromide region, also in the rock-salt region at frequencies greater than 1500 cm.”}. 
it was essential to obtain these spectra where possible for comparison with those of the deutero- 
ammines which were not separated from D,O solution for determination of the infrared spectra. 

lor detection of the weak bands, later assigned to skeletal stretching frequencies of the 
M~N bond, it was necessary to prepare extremely concentrated Nujol mulls. It was not possible 
to use the potassium bromide disc method for this purpose, as a sufficiently transparent disc 
could not be obtained having the required concentration of ammine. 

Typical spectra obtained for the ammines and deuteroammines are shown in the Figure, and 
the main bands observed are listed in Table 1. 


DISCUSSION 
Spectroscofre Assignments.-The spectra of the ammines and deuteroammines are 
relatively simple (see Figure) and the analogous absorption bands in the spectra of the 
ammines of different ions, or of ammines and deuteroammines of the same ion, are readily 
picked out. These are listed in the same columns of Table 1. This contains the frequencies 
of all the absorption bands of appreciable strength. At the foot of the Table are listed the 
vibrational assignments that are discussed below. 


Infraved spectra of typical ammines and deuteroammines in the region 1700—450 cm. 


— 


500 
Wave numbers (cm od 


Solid lines, ammines. Broken lines, deuteroammines. A, [Co(NH,),)Cl,. 8B, [Pd(NH,),Cl,]}. 


rhe absorption bands near 1600, 1300, and 800 cm.-! in the spectra of the cobalt and 
palladium ammines are all well shifted to lower frequencies in the spectra of the deutero 
ammines, showing that they are each to be assigned to angle deformation modes of 
vibratiun involving N-H (N-D) bonds. As discussed above, the first two correspond to 
th: asymmetrical and the symmetrical NH, deformation modes, and the bands at ca. 
800 cm.~! are now clearly shown to represent the M—-NH, rocking vibrations, 3,(NHg). 

In the present study the weaker infrared absorption bands near 500 cm.~! have been 
observed for the first time. It is clear that they represent vibration frequencies of the 
heavy-atom skeleton as they are almost unaffected when the hydrogen atoms are replaced 
by deuterium. There can be no doubt that these represent the infrared-active ¥M—N bond 
‘tretching modes, In several cases frequencies have been observed in the Raman spectra 
of certain ammines in the same region !7: 1%. 1% (see Table 1). For the tetramminoplatinum 
ion Mathieu '* observed Raman lines at 538 (polarised) and 526 cm.-! (depolarised). 
Together with the infrared band at 511 cm.~', these provide just the right number of 
frequencies for assignment to the vPt-N stretching modes. If the ion is assumed to have 
an effectively Dy planar structure for the heavy atoms, two Raman active frequencies of 
symmetries Ay, and Bg, (the former polarised and the latter depolarised) and one E, infra- 
red-active mode are expected to occur. The fact that the 538 cm. Raman line is polarised 
shows directly that it is a vPt-N frequency, as none of the angle-deformation vibrations of 

'’ Bose and Datta, Nature, 1031, 128, 725 


'* Mathieu, Chim oo , 1939, 36, 308 
'® Joos and Damashun, Z. Physik, 1931, 32, 553 
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TaBLe 1. The infrared and Raman frequencies of some ammines and deuteroammines 
and their assignment to fundamental modes of vibration of the complexes. 
Raman 

fre- 


Observed infrared frequencies , 
A quencies * 


Formula Method - 
[Co(NH,),)Cl, KBr, N 3230, 3170, 1615 (bd) (1352), 1329 (862), 830 
(3130) 
(Co(ND,),)Cl, N.I, 1155, 1088 ¢ 1016 665 
(Co(NH,),CICI, } (3220), 3140 1575 (bd) 1305,(1272) 845 
[Co(ND,),CHCI, N.I. N.I NJ 
(Co(NH,)qJCl, 3340 (3180) 1600 (bd) 1165 
(Pd(NH,),\Cl,H,O ... (3520), 3260, 1595 (bd) (1300), 1283 

3150 
trans-[Pd(NH,),Clh,]*... N 3320, 3230, 1605 1246 


trans-[Pd(NH,),Cl,)} *... i. 1615 1266 N.I. 2. 
trans-|Pd(ND,),C1,} ¢ NI. 1165, 1068 978 580 493 N.I. 
[Pt(NH,),|Cl, N (3520),* 3240, 1587 (bd) (1340),1326 892, 841 511 (bd), 538 (p), 
f 526 (dp), 
trans-[Pt(NH,),Cl,] N 3270, 3170 1638,1538 (1305),1288 828 
3320, (3250), (1678),* 1643 1287 
[Cu(NH,),)SO,,H,0 *... 3170 
N.I. H,O 1280 
(Cu(ND,),)SO,,D,0 ¢... N.I. D,O 982 
3290, 3230, 1640, 1600 1190 
[Ag(NH,)9],50, ¢ 
a H,O 1220 
[Ag(ND,),],50, ¢ ; D,0 950 


Vibrational assignments — v(NH) bu(NH,) 8,(NH,) 4,(NH,) vM-N — 

N.I,, not investigated in this region. N, Nujol mull. KBr, potassium bromide disc, H,O or 
D,O, spectra determined in solution of these solvents. (bd), broad band. (p), polarised line. (dp), 
depolarised line. 

Frequencies in parentheses denote bands which are shoulders on neighbouring strong bands or 
are of subsidiary intensity. a, Possibly due to ND,H groups. 6, Yellow powder, c, Red crystals 
d, These spectra showed extra bands in the vicinity of 1100 and 600 cm.“, due to SO?> ions 
e, Absorption in this region may be partly due to water of crystallisation. 

* See refs. 17-19. 


Tasie 2. The ratios vH : yD for the analogous bands in the spectra of the ammines and 
deuteroammines and of methyl bromide and trideuteromethyl bromide. 

Vibration Cobaltic hexammine frans-Palladium dichlorodiammine * Methyl bromide 
8u(NH,) or ,,(CH,) ; 1-386 1-372 
8,(NH,) or 4,(CH,) , 1-295 1-322 
8,(NHs) or 6,(CH,) , 1-208 1-328 
vM-N or vC-Br —~ 1-006 1-059 

* During the reaction of the yellow Pd(NH,),Cl, with D,O a change in appearance to reddish 
crystals was noted. A sample of the ammine treated with water under the same conditions gave similar 
crystals. The crystals seem to be the second crystalline form of this compound noted by Mann, 
Crowfoot, Gattiker, and Wooster (J., 1935, 1642). Spectra for both forms are given in Table 1, but 
the frequency ratios in Table 2 are calculated for the reddish crystals in each case 


TABLE 3. Comparison of vibration frequencies and stalililies of ammines. 
[Co(NH,),}** [Ag(NH,),}' Cu(NH,),)** *(Zn(NH,),)** 
log hay. + log 55 53 5-0 
ribre 5, “ 1190 1287 
Vibration frequencies 5/1") fe 741 733 } 
vM-N (Raman) 7 410 (for 419 (for 418 (for 
chloride) chloride) hexammine) 
*(Cd(NH,),)*! (Nit ' [Co(NH,)¢]** 


log Ruy, + 10g 5B wecccccccrserconsecenese 3-6 26 
Vibration freanencies{ & (tiie) --- 1908, 1190 1166 
ipbration trequenc eet ¥ (NH,) fi N I. ‘ 670 


vM-N (Raman) 340 (for N N.L, 
hexammine) 


* These spectra were not examined in detail. * Given by Kobayashi and Fujita’ 
N.L. = not investigated 
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the heavy-atom skeleton can belong to the completely symmetrical symmetry class. The 
depolarised Kaman line at 270 cm.? is probably one of these angle-deformation vibration 
frequencies. 

Low-frequency »M-N bands were observed in the infrared spectra in all cases studied 
in the potassium bromide region except for the cobalt hexammine and the copper and silver 
ammines. In the last cases the corresponding Raman lines occur near 400 cm.~!, and the 
infrared bands are therefore probably beyond the range of the potassium bromide prism 
used, The absence of a band in the spectrum of the cobalt hexammine is more surprising 
as, by analogy with the Raman data, one ¥M-N frequency which is infrared-active would 
have been expected in the region of 500 cm.~!. The pentamminocobalt chloride does how- 
ever show an infrared band in the expected region.* 

rhe assignment of the various ammine frequencies is obvious on the basis of the 
qualitative frequency shifts occurring on deuteration. However, it is of interest to compare 
quantitatively the ratio of the frequencies observed for normal! and deutero-derivatives, with 
those obtained for related vibrations of CH,X and CD,X compounds (X denotes a heavy 
atom). The available data ® for CH,Br and CD,Br have been chosen for this purpose, and 
the appropriate ratios are listed in rable 2, It is seen that there is a very close corre- 
spondence between the magnitudes oi the vH: yD ratios for the bands that have been 
assigned to analogous 8(NH,) and 3(CH,) vibrations. 

An interesting feature of the spectra of the platinum and palladium tetrammines is the 
doubling of the 8,(NH,) frequency, which is not observed with the dichlorodiammines. It 
is very probable that the two frequencies found for the tetrammines are due to in-plane 
and out-of-plane rocking vibrations. 

Variation in Molecular Vibration Irequencies with Stalilities of Ammines.—Kobayashi 
and Fujita ® have suggested that there is a relation between the stability of cobaltic, 
chromic, and nickelous hexammines and the frequencies of their N-H vibrations. 

Table 3 contains figures for 6,(NH,) and 8(NH,) frequencies for the wider range of 
ammines now examined, with the corresponding values for log Ryverage + log 55 (where Reversee 
is the average value of the stability constant for the substitution of one NH, molecule in 
aqueous solution), Log Ruvenge + log 55 is taken as a measure of stability, as it is propor 
tional to the free energy of formation of the ammines in aqueous solution. The values given 
are from Bjerrum’s table of collected data.*" It is observed that the vibration frequencies 
and stabilities in general show a similar trend, but if these vibration frequencies are plotted 
against corresponding values for log Ayyerwe + log 55 deviations from a smooth curve are 
found, particularly with &(NH,) frequencies. This is not surprising since the N-H 
vibrations are only indirectly related to the strength of the M—N bond, and also the stability 
constants concern the formation of the ammine from the hydrated ion, and not directly the 
bond strength. Further, the data are obtained from ammine complexes of various shapes, 
and it is expected that this factor has some effect on the observed frequencies. 

It might be expected that there would be a more direct correlation between stability 
and the vM-N frequencies. Moreover, although as yet insufficient infrared data are 
available, the more numerous Raman data #* do show the same trend as is shown by the 
4(NH,) frequencies (Table 3), It is to be expected that the strongest Kaman lines in the 
vM-N region will represent the symmetrical “ breathing ” frequencies of the ions, and 
these are dependent on the M-N force constant only, and not on the mass of the central 
atom. In selecting from Raman data for the cobalt ammine it has been assumed that 
the higher-frequency line represents the breathing frequency, by analogy with the 
platinum tetrammine discussed in the previous section. 

It is noteworthy that the 8(NH,) frequencies for the dichlorodiammines of palladium 
and platinum differ considerably from those of the corresponding tetrammines (see 
Fable 1), although the stabilities of the simple and mixed complexes are apparently similar. 


* (Added, 17.6.56.) Further work has revealed a weak absorption band centred at 502 cm,~ in the 
spectrum of cobaltic hexammine chloride 

*” Noether, |], Chem. Phys., 1942, 10, 664. 

*! Bjerrum, Chem. Rev., 1950, 46, 381. 

* Hibben, The Raman Effect and its Chemical Application,” Reinhold, New York, 1939, p. 462 
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However the corresponding vM-N frequencies observed in the infrared spectra do not vary 
to nearly the same extent. It may be concluded that the 4(NH,) frequencies are 
particularly sensitive to the substitution of neighbouring ammonia ligands by chlorine; 
this effect is not unexpected, 


The authors thank Imperial Chemical Industries, and the Hydrocarbon Research Group of 
the Institute of Petroleum, for financial assistance. 
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601. Some Reactions of Scandium. 
By R. C. Vickery. 


The efficiency of several precipitation and extraction reactions of scandium 
has been investigated by radioactive-isotope techniques. The lack of a 
specific, quantitative precipitant is manifest 

The solubilities of scandium hydroxide and oxalate, and the influence 
thereon of ammonium salts have been confirmed. ‘The ineffectiveness of 
both precipitations for recovery of scandium is also confirmed. Precipitation 
of scandium as the potassium double fluoride or by disodium hydrogen 
phosphate is shown to give good recoveries of scandium but the suggested 
value of precipitation as pyrophosphate has not been fully confirmed 

The solubility of potassium scandium sulphate has been determined 
radiometrically, and precipitation of scandium as organic basic found to be 
an inefficient mode of recovery. Precipitation of scandium as the ammonium 
double tartrate is quantitative at scandium concentrations greater than 
50 mg. of Se,O, per ml, Precipitation of thorium as iodate successfully 
separates this element from scandium even in the presence of high concen- 
trations of lanthanons. 

Solvent-extraction of scandium complexes 
and extraction of the oxine chelate by chloroform or the acetylacetone 
chelate by ethyl acetate gives quantitative recovery in one operation, Such 
extractions are, however, less specific than that of scandium thiocyanate by 
ether which, in four extractions, gives 98-5°%, recovery. 

The application of the reactions studied to extraction of scandium from 
ores, and its purification, are briefly considered 


has been briefly examined 


EXCELLENT separations of scandium from thorium and the lanthanons have been obtained 
by ion-exchange techniques 43,4 but difficulty was encountered in recovering the purified 
scandium from the eluted fractions. Methods commonly accepted as affording quantit 
ative recovery of scandium were found to give, in fact, only incomplete precipitation under 
optimum conditions which were themselves sometimes very critical (ef. Fischer and Bock *). 
This incomplete recovery, and the dearth of chemical information on scandium, are greatly 
emphasized when attempts are made to extract scandium from such minerals as davidite ® 
in which the low scandium content and the complexity of the mineral render recovery of 
the scandium almost fortuitous. 

In an attempt to find a firmer basis for investigations on scandium chemistry, simple 
precipitation reactions have been studied by radiochemical techniques. This work now 
shows, not only the lack of a specific, quantitative precipitant for scandium, but also the 
dubious quality of any analytical data for scandium based on conventional gravimetric 


1 Vickery, J., 1955, 245. 

* Rhadhakrishnar, Analyt. Chim, Acta, 1953, 8, 140 

* Iya and Lorier, Compt. rend., 1953, 286, 608; 287, 1413 
* Fischer and Bock, Z. anorg. Chem., 1942, 249, 146 

* Vickery, Austral. J. Sci., 1963, 16, 113 
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procedures. In the present experiments the distribution of scandium between the various 
phases has been determined by the isotope dilution technique with the #~y-active “Sc 
isotope as tracer. Table 1 gives the figures for percentage precipitation based on radio- 
metric comparison of the original solution and the mother-liquor. 


TasLe 1. Scandium (°%/,) precipitated under optimum conditions. 
Mg. of Sc,O, per ml. 
A — 


Precipitant 10 5O 


NaOH Ws 
100 


10 
72 
Nil 
27 


( oe arboxylase 
VPhytin 

Na,d¢ \, 

K,50, 
(NH,),50, 
AcOH 

NaQOAc 

NH OAs 
Tartaric acid 
Na K tartrate 
(NH,), tartrate 
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ran.e 2. Precipitation of Sc(OH), in presence of NHC (conen., 
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Tanie 3. Inhibition of Sc(OH), precipitation (50 mg. 


Hydroxy-acid conen, (%) 
Pptn. (%) by NaOH (citrate) 52 
- os (tartrate) 49 


Hydroxide Precipitation.—Earlier work * showed that, because of the formation of 
scandate ions, precipitation of scandium from solutions of its salts by hydroxyl ions was very 
incomplete. This has been confirmed and more precise determination made of the extent 
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of precipitation under the optimum conditions previously found. Results are incorporated 
in Table 1. The influence of ammonium ions on precipitation of scandium hydroxide by 
alkali hydroxides has again been examined and has yielded the data given in Table 2. 

The extent to which citric and tartaric acid inhibit precipitation of scandium hydroxide 
is shown in Table 3. With increasing concentration of hydroxy-acid, the scandium precipi- 
tate became less gelatinous and more granular. This indication of the formation of basic 
precipitates renders unlikely the prevention, by citric or tartaric acid, of the precipitation 
of scandium by alkali hydroxides. The special case of precipitation by ammonia solution 
in the presence of tartaric acid is considered below. 

Carbonate Precipitation.—Meyer and Speter’ claimed quantitative precipitation of 
scandium as the double carbonate, but this was disputed by Sterba-Bohm * and by Fischer 
and Bock.* The present results show conclusively the incompleteness of this precipitation. 
Little * quoted Crookes as having prepared Sc,(CO,),,12H,O by direct precipitation with 
alkali carbonate, but Sterba-Bohm ® was unable to confirm this. More recently, Pokras ' 
was likewise unable to prepare the normal carbonate by simple precipitation, or further 
by hydrolysis of the trichloroacetate. Indeed, by analogy with the lanthanons and 
aluminium, scandium could not be precipitated from solution as a simple carbonate on 
the addition of alkali carbonate. 

Turbidimetric titrations employed in the hydroxide systems * were not carried out on 
these carbonate systems, but some evidence for dissolution of the precipitates in excess of 
precipitant was obtained by adding a large excess of alkali carbonate, filtering the mixture, 
and gradually acidifying the filtrate. Only where sodium or ammonium carbonate was used 
was any dissolution found; double carbonate formation must be expected to some extent, 
but then the behaviour of systems containing potassium carbonate becomes anomalous, 
Yet similar anomalous behaviour is found in sulphate systems (see below), The use of 
carbonate-free ammonia to precipitate scandium hydroxide has shown that the presence 
of ammonium carbonate cannot be the sole reason for incomplete precipitation of the 
hydroxide. This is emphasized by the low degree of precipitation by sodium carbonate. 
Since the carbonate compounds of yttrium and the heavy lanthanons are readily hydrolysed, 
scandium carbonate compounds should be expected to be similarly unstable. Fischer and 
Bock * have shown that scandium hydroxide is quite soluble in carbonate solutions, so 
that the rapid hydrolysis of a scandium carbonato-compound could well be the reason for 
the solubility of such a precipitate in excess of carbonate used as precipitant. 

Oxalate Precipitations.—Meyer and Wirth ™ early observed the incomplete precipitation 
of scandium by alkali oxalates and this was, to a large extent, confirmed by Sterba-Bohm 
and Skramovsky ™ and by Fischer and Bock. Complex formation in scandium-oxalate 
systems was shown by Vickery ™ to account for this incomplete precipitation and the 
deleterious effect of ammonium ions on precipitation of scandium oxalate was demonstrated. 
In addition, current studies have confirmed the water solubilities reported for scandium 
oxalate. Klein (personal communication) obtained 194 mg./l. for the solubility of freshly 
prepared scandium oxalate hexahydrate in water but found the solubility to decrease 
when the moist salt was equilibrated with a fresh sample of water: hydrolysis to a less 
soluble basic salt may thus be possible. In spite of this absolute solubility of scandium 
oxalate, we have consistently been unable to detect, by oxalate precipitation, scandium at 
a concentration of less than 1-5 g./l, As shown in Table | recovery of scandium by oxalate 
precipitation is always poor and the influence of the ammonium ion on recovery is clear. 

Although recovery of scandium by simple precipitation as oxalate must be considered 
of dubious value, the use of the lanthanons as “ carriers ’’ considerably aids recovery when 
relatively large amounts are present. The following results show the precipitation of 
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scandium by oxalic acid at pH 5 in the presence of increasing quantities of lanthanon 
oxides : 


Ratio, Ln,O, : Se : ; 5: 10:1 
Recovery (%,) Of SegO,g «ss K d 3! 57 


(Initial conen, of Se,O,: 50 mg./ml.) 


On the other hand, precipitation of scandium oxalate may be reduced or even prohibited 
by the use of calcium as a “ hold-back carrier.” A smaller amount of calcium is 
required to inhibit precipitation of scandium than of lanthanon to expedite it : 


Ratio, CaN: SCgOg  ceerseee , ee. FD O61 1:1 6:1 10:1 
Recovery (%,) Of SCgO,g crccecccceceeees ‘ 16 10 BI Nil * Nil * 


* In these experiments a precipitate of calcium oxalate was obtained which contained no scandium. 


I iuoride Precipitation..-The solubility of scandium fluoride in ammonium fluoride 
solutions was first observed qualitatively by Meyer and Hauser.“ Fischer and Bock ¢ 
have since found ammonium fluoride to be of dubious value in separating scandium 
from thorium and the lanthanons. The lack of precipitation from simple scandium 
solutions by ammonium fluoride is confirmed by the data in Table 1. Sodium and 
potassium fluoride yield precipitates with scandium solutions, the potassium salt, as in 
carbonate and sulphate systems, affording the higher yields. 

Freshly precipitated fluorides appear somewhat soluble in excess of hydrofluoric acid. 
The influence upon fluoride precipitation of pH and concentration of alkali fluoride is 
shown by the figures for recovery from a cold solution initially containing 50 mg. of 
Sc,0, per ml. : 


pH was adjusted by the addition of potassium hydroxide, and precipitation was effected 
by the addition of hydrofluoric acid (105%, theor.). The precipitates were not analysed, 
but it is considered probable that those obtained at pH >3-5 were largely double fluorides. 


” 


Although lanthanum fluoride is much used as a “ carrier’ in radiochemical studies, 
the work of Fischer and Bock * indicated that thorium and the heavy lanthanon fluorides 
would be only partially successful as such agents in systems containing scandium. It is 
now found that lanthanum fluoride is not very effective as a carrier for scandium and does 
not greatly increase recoveries above those normally encountered. Calcium, however, is 
extremely useful in this respect : 


Ratio, CaO(or La,O,) : Se,O, ... 2 f 1:2 
Recovery (%) with La,O, 03 
Kecovery (%) with CaO ates means 100 


(Initial Sc,O, concn. : 50 mg./ml, at pH 5) 


Phosphate Precipitation._-The precipitation of scandium as a phosphate cannot be 
considered specific, but it is apparent from Table 1 that disodium hydrogen phosphate 
gives more complete recovery than any of the other precipitants examined except phytin. 
The degree of precipitation may well be related to the pH attained by the phosphate 
solutions : thus, orthophosphoric acid at pH <3-0 gave no precipitate; the monosodium 
salt solution had pH 4-0 and gave approximately 90% recovery of scandium; the disodium 
salt gave 100% recovery at pH 7-5; the trisodium salt at pH 9-5 gave only 60% recovery. 
This decrease in precipitation at high pH may be due to sequestration since it is difficult 
to consider the disodium salt as having special properties specific towards scandium. 

Beck !® has shown the pyrophosphate ion, particularly in association with an organic 


'* Meyer and Hauser, Die Analyse der seltenen Erden,”’ F. Enke, Stuttgart, 1912 
'* Beck, Mikvochem. Mihrochim. Acta, 1048, 94, 62; 1949, 94, 282; 1951, 36/37, 790; Analyt 
Chim. Acta, 19560, 4, 21 


(1956 | Vickery : Some Reactions of Scandium. 3117 


moiety such as inositol or aneurine, to be of particular value for the precipitation of 
scandium. Strong claims were made for the insolubility of the scandium complexes with 
these compounds but we have been unable fully to confirm Beck's work. The pyrophos- 
phates do not afford as complete precipitation as disodium hydrogen phosphate, and the 
pyrophosphate precipitates are much affected by conditions of precipitation. They are 
soluble in excess of precipitant, ammonia solution, and hydrochloric acid. Optimum pH 
of pyrophosphate precipitation appears to be ca. 6-5, but even then the precipitate is 
readily hydrolysed, since, when it is shaken with water, phosphate but no scandium appears 
in solution. Precipitation of scandium with phytin gives recoveries equivalent to those 
obtained with disodium phosphate. 

Double-sulphate Precipitation.—The insolubility of potassium scandium sulphate 
(cf. the double sulphates with sodium and ammonium) is well shown in Table 1. Despite 
this anomalous similarity in behaviour of the double potassium salt to that of the lighter 
lanthanons, potassium scandium sulphate is precipitated more completely in the presence 
of heavy lanthanons than in that of the lighter group 


HO mg. ScgO, + 10 mg. LagO,-Sm,O, in 5 ml.; 75%, pptn. by K,SO, 


i) mg. ScgO, + 100 mg. Y,0,-Yb,O, in 5 ml.: 87% pptn. by K,SO, 


Recalculating the data of Crookes,!® Fischer and Bock * obtained a value of 1-5 g. of 
Se,O, per |. for the equivalent solubility of potassium scandium sulphate in saturated 
potassium sulphate solution. Radiometric determinations of solubility have now given 
the much lower value 116 mg. More work appears necessary in this field since our results 
on the precipitation of potassium scandium sulphate indicate ca. 20 g. of Se,O, per 1. to 
remain in solution. However, much supersaturation and possibly hydrolysis must be 
expected in such systems, 

Precipitation of Basie Carboxylates.—Precipitation of scandium as basic acetate and 
tartrate has been studied, the former more specifically as a technique of thorium separation. 
In acid solutions basic scandium acetate is not precipitated at a concentration less than ca. 
7 mg. of SegO, per ml. The reason for this is obscure since hydrolysis would be expected 
to occur more readily at low concentrations. The basic acetate is not precipitated from 
solutions containing ca. 20% of ammonium acetate: this is a further example of the 
influence of ammonium ions on scandium precipitation. By comparison, however, 
precipitation of scandium by hydrolysis with sodium acetate is as ineffective as precipit 
ation as oxalate. Although thorium may not itself be completely precipitated by the basic 
acetate method !7 it acts as an effective carrier for scandium. In an experiment in which 
25 mg. of ScgO, and 50 mg. of ThO, were hydrolysed in 25 ml. by boiling with sodium 
acetate, 98-5°% of the scandium was precipitated within 10 minutes, while at a similar 
concentration in the absence of thorium only 66°, of the scandium was precipitated after 
30 minutes’ boiling. 

Precipitation as basic tartrate appears of little value for quantitative recovery of 
scandium although higher recoveries are obtained than by the basic acetate process, The 
addition of Rochelle salt to scandium solutions yields no precipitate, but the efficiency 
of scandium precipitation as the double ammonium tartrate affords some confirmation 
of the enthusiasm of Fischer and Bock * and Fischer e al.'* for this mode of scandium 
recovery. With strict adherence to the conditions specified by Fischer et al, recovery of 
scandium from solutions more concentrated than ca. 50 mg./ml. may be considered 
excellent. Below this concentration recovery deteriorates somewhat. Generally, 
precipitation of scandium by ammonium tartrate may be considered almost as effective 
as precipitation as hydroxide or phosphate and certainly more selective, 

Scandium salts are hydrolysed in citrate solutions but the degree of precipitation is 
lower than for acetate or tartrate solutions 


'® Crookes, 7. anorg. Chem., 1909, 61, 361. 
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lodate Precipitations.—Scandium is not precipitated from its simple solutions by 
potassium iodate, and even in the presence of large amounts of thorium scandium remains 
wholly in solution when the thorium is precipitated by the iodate procedure. When 
lanthanons are also present in a solution containing scandium and thorium, much lanthanon 
accompanies the thorium iodate precipitate, but scandium is not co-precipitated until a 
LnigQy : Sc,0, ratio of 750: 1 is reached : 


ThO, : SCg0g seeees 2 10 100 5 10 10 20 100 
Lang, : Seg g oveeee ] 70 100 750 1000 
c4O, pptd. (%)... Nil Nil Nil Nil Nil Nil 4 10 


lor the separation of thorium and scandium, iodate precipitation appears to be one 
of the best procedures available, 

Borate Precipitaion,—Rankama and Sahama’™ considered that precipitation of 
candium as borate might explain its occurrence in certain marine sediments. The in 
olubility of scandium borate is certainly well marked but the precipitation is unlikely 
to be specify 

lannin Precipitation.—This does not occur below pH 5 and attains its maximum 
in the pH range 65-—8-0. Even at high concentrations, however, precipitation is 
incomplete 

Oxine l’reci pitation,—Pokras and Bernays * commented favourably on the complete 
ness of precipitation of scandium with oxine, but radiometric studies have not completely 
confirmed this. Maximum recoveries of only 993% have been obtained by precipitation 
under the conditions specified by the American workers, The solvent extraction of oxine 
chelates has been practised by several workers and we have found that, while only 85% 
of the scandium is precipitated by oxine at low concentrations, all of it can be extracted 
as the chelate compound by chloroform. Neither precipitation nor extraction can be 
considered specific, but the latter might well be valuable for the reclamation of small 
quantities of scandium from simple solutions. 

Alisarin Precipitation.-The reaction between scandium and sodium alizarin-3-sul- 
phonate was first reported by Beck *! who recommended its analytical use. The reaction 
and precipitation were not claimed to be specific, scandium being accompanied by any 
thorium present. Since the reaction is carried out in the presence of ammonium acetate 
and acetic acid at ca, 95° the precipitation of some basic acetate may occur. This is to 
some extent indicated by the diminution of recoveries when the Sc,O, concentration is 
below ca. 7 mg./ml., the concentration below which basic scandium acetate is not precipi- 
tated (see above) 

Liquid-liquid Extraction Methods,—Four extraction procedures only have been 
examined. Chloroform extraction of the oxine complex has already been referred to. 
None of the other three is always entirely specific for scandium. 

L-xtraction of thiocyanate. Fischer and Bock * introduced the ethereal extraction of 
candium thiocyanate and considered it a method by which the maximum separational 
effect could be obtained with a minimum of effort. Losses of scandium of the order of 
510% were recorded for single extractions. We have now found somewhat higher 
losses in single extraction, and overall recovery after four extractions is still less than is 
attained by some gravimetric methods. However, the near-specificity of the extraction 
makes amends for the slight overall loss. One concentration only of scandium was 
examined (50 mg./ml.) but Fischer and Bock’s results show extraction to diminish only 
slightly at low concentrations of scandium. The pH of the scandium solution was 4-5 
and extraction was with an equal volume of ether, 3 minutes’ shaking being taken as 
‘tandard. ‘The following results are the average of four series of experiments under the 

same conditions. An ethereal solution (E14) was shaken with water, giving an aqueous 
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phase (A4); shaking A! with ether gives the solution E*, which with water gives A®, 
etc, : 

Solution : E}->Al->E*>A*>-E*>A'>E*>At 

Proportional activity: 81 19 ll 8 38 42 27 13 


rhe overall recovery in the ether was 98-5%,. 

Extraction of quinalizarin complex. That scandium, like beryllium, magnesium, and the 
lanthanons, gives a blue lake with quinalizarin was noted by Komarovsky and Korenmann 
and Beck.** Beck also found !* that this lake could be extracted with tsopentyl alcohol 
or pentyl acetate. Photometry of the extracted lake was claimed to permit determination 
of as little as 0-1 ug. of ScgO,. While confirming the lake formation we have been unable 
to obtain, in one operation, more than ca, 3% extraction of scandium quinalizarin 
derivative into either solvent. After five extractions with an equal volume of the alcohol 
of a scandium solution at a concentration of 50 mg. of Sc,O, per ml., only 8% extraction 
was obtained. 

Extraction of acetylacetone complexes. Except possibly by adjustment of the pH of the 
solution acetylacetone can be expected to exhibit little selectivity towards chelation of 
scandium. Nevertheless, for comparison with extractions of the oxine, thiocyanate, and 
quinalizarin methods, the scandium acetylacetone complex was extracted by ethyl and 
pentyl acetate and light petroleum with the following results: [Ethyl acetate, 100% 
extraction; pentyl acetate, 51%; light petroleum, 95%; all for one extraction by an 
equal volume of solvent of a solution containing 50 mg. of ScgO, per ml. at pH 45, In 
spite of its lack of specificity, ethyl acetate extraction of the scandium acetylacetone 
complex clearly attains more effective recovery of scandium than any other solvent 
extraction procedure examined. 

Extraction and Recovery of Scandium.—From the foregoing studies, several conclusions 
can be drawn relating to the extraction of scandium from ores and its purification. The 
solubility of scandium in alkali hydroxide and carbonate solution is of significance in the 
extraction of the tungsten ores and residues normally regarded as potential sources of 
scandium.)** Treatment of such materials involves, at some stage, extraction of tung- 
sten as an alkali tungstate. It is now clear that unless the extraction is done at pH <ca. 
8-0, much scandium will be extracted with the tungsten and lost. Again, where silicate 
ores are decomposed by hydrofluoric acid, scandium will be found in both the solution 
and the insoluble fluoride residue unless the pH is adjusted to near neutrality with 
potassium hydroxide. 

If scandium is reclaimed from solutions, the absence of ammonium salts is essential, 
and oxalate precipitation should rarely be used. Non-specificity renders double fluoride 
precipitation, or precipitation with disodium hydrogen phosphate, applicable only to 
relatively pure solutions for which purpose their use might well become standard pro- 
cedure, The last traces of phosphate can be easily removed from scandium only by 1on 
exchange techniques. 

The difficulties encountered with fluoride and phosphate precipitations in highly 
ferruginous systems are not, however, met when scandium can be precipitated as the 
double tartrate. Although this precipitation is less efficient at low concentrations, its 
application to ferruginous systems would be as effective as precipitation by potassium 
sulphate in the presence of lanthanons. The alternative use of potassium and sodium 
or ammonium sulphate is indicated as a suitable means df concentrating scandium from 
the lanthanons and thorium. For final elimination of thorium and the lanthanons, ion- 
exchange techniques are admirable but, where they are not applied, the precipitation of 
thorium as iodate and reclamation of scandium from the filtrate with disodium hydrogen 
phosphate or ammonium tartrate appears the most adequate procedure. 

While solvent extraction of the oxine or acetylacetone compounds requires essentially 
pure solutions, ethereal extraction of the thiocyanate is of wide application in the absence 
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of iron. In mildly ferruginous systems much iron may be initially removed by the Rothe 
ether-extraction technique, thiocyanate added, and the scandium extracted by a second 
ether-treatment, 


EXPERIMENTAL 


The progress and efficiency of all the procedures examined was determined radiometrically. 
The “Sc isotope was monitored through a Dekatron tube scaler. The general procedure of 
monitoring, after determination of background radiation, was to obtain an initial, liquid, count 
on 10 ml. of the (Se 4- Sc*) solution, add the precipitant under the appropriate conditions, 
centrifuge the precipitate, and obtain a proportionate count on the mother-liquor, Results 
are given to the nearest whole number, Sufficient radioactive scandium was included in each 
experiment to give an initial activity of ca, 3000 counts min, per 10 ml. Counting periods of 
3--5 min, were employed on initial solutions; for supernatant liquids, etc., the counting time 
was prolonged where necessary to give at least 8000 counts, 

Phe inactive scandium employed had been extracted from wolframite residues and thort- 
veitite and purified by ion exchange to > 99-90% purity.! 

Other reagents were of analytical reagent purity, Except where otherwise indicated, 
precipitations were carried out with dilute reagent added to the scandium solution at ca, 95° 
for 10--15 min,, which was allowed to cool to room temperature, and centrifuged. 10 ml. of 
the supernatant liquor were taken for counting, 

I{ydroxide precipitation was effected by the slow addition at 95° of 10% alkali hydroxide 
to pH 80-85, Subsequent operations were as above 

Although the oxalate precipitations reported were carried out at 95° some secondary precipit- 
ations were made at room temperatures, There was no significant variation in the recoveries. 
Precipitation at low temperatures did, however, affect the degree of hydration of the oxalate 
obtained, 

lor oxalate co-precipitation, mixed lanthanons were employed rather than individuals in 
order more closely to simulate the conditions of occurrence of scandium. The lanthanon mixture 
was a synthetic one with the approximate percentage composition in terms of oxides: La 15; 
Ce 20; Pr; Nd 21; Y 16; Er9; Yb8. 

Double-sulphate precipitations were carried out at 95° by the addition of solid alkali sulphate. 
Attempts to overcome the solubilities of the sodium and ammomium salts by adding sodium 
chloride ™ were unsuccessful. In the sodium sulphate systems at the highest concentrations 
of scandium the solution was concentrated to the formation of sodium sulphate crystals in the 
hot solution but scandium was not precipitated, The solubility of scandium sodium sulphate 
is at least greater than the equivalent of 200 g. of Sc,O, per |. Solubility determinations on 
the double potassium salt were made by equilibrating the dried salt with water by shaking for 
24-36 hr Che determinations were made in duplicate and approach to equilibrium was 
followed radiometrically. Final determinations of solubility were made through radiometry 
of the final supernatant liquor after centrifugation. 

Precipitation of thorium iodate was at ca. 50° on solutions containing 30%, of concentrated 
nitric acid, by the addition of an equal volume of 15% aqueous potassium iodate in 50% (v/v) 
nitric acid, The solution and precipitate were set aside for 45 min., then centrifuged, and an 
aliquot part of the supernatant liquor pipetted for radiometry, It is known that the degree 
of lanthanon occlusion with the Th(IO,), precipitate can be readily reduced by washing with 
iodate solution and undoubtedly such washing would remove much of the scandium occluded 
at the higher lanthanon ratios, The lanthanon mixture employed was also used in oxalate 
studies 

In the solvent extraction experiments, equal volumes of organic and aqueous phases were 
shaken together for at least 3 min. The phases were then carefully separated, the organi 
phase evaporated to dryness, and the residue dissolved in dilute acid for radiometry, 
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602. Aconitum and Delphinium Alkaloids. Part II.* Inter- 
relation of the Functional Growps of Delpheline. 
By R. C. Cookson and M,. E. Trevetr. 


Oxodelpheline is hydrolysed by acid to formaldehyde and demethylene- 
oxodelpheline, which is shown, mainly from the nature of the products of its 
reaction with periodic acid and with lead tetra-acetate, to contain the array 
of atoms indicated in (1). The very close similarity in the chemical and 
physical properties of demethylenedelpheline and of lycoctonine (XIII) and 
of their corresponding derivatives allows the speculative structure (XVII) 
to be advanced for delpheline. The possibility of the biogenesis of lycoc- 
tonine and delpheline from a precursor with the atisine skeleton is pointed 
out, 


Goopson ! showed by the semiquantitative method of Clowes and Tollens * that delpheline 
liberated about one mol. of formaldehyde when treated with strong acid. We were 
initially rather sceptical of his conclusion that delpheline must therefore contain a methyl- 
enedioxy-group, considering that some variant of a reversed Prins reaction or | ; 3-glycol 
cleavage * was more probable, But in the light of further experiments it seems that the 
occurrence of an aliphatic methylenedioxy-group in some of them must be admitted as 
another unique feature of the aconite alkaloids. 

We confirmed that delpheline and its oxidation products,* dehydrodelpheline, oxo- 
delpheline, and dehydro-oxodelpheline, on treatment with strong acid, all liberated one 
mol. of formaldehyde, which was identified as its condensation products with dimedone 
and with 2: 4-dinitrophenylhydrazine, and was estimated colorimetrically by the chromo- 
tropic acid reagent. The products of acid hydrolysis of delpheline, oxodelpheline, and 
dehydro-oxodelpheline were obtained crystalline, and will be referred to as demethylene 
compounds. Analytically they differed from their precursors only in the loss of one 
carbon atom, and like their precursors * were saturated.t While delpheline, oxodelpheline, 
dehydrodelpheline, and dehydro-oxodelpheline did not react with lead tetra-acetate in 
acetic acid, demethylenedelpheline and demethyleneoxodelpheline (partial formula 1) { 
consumed one mol. almost instantaneously and a second mol. more slowly, Demethylene- 
oxodelpheline acetate (II1) and dehydrodemethyleneoxodelpheline (111) took up one mol, 
relatively slowly. Demethyleneoxodelpheline (1) also took up one mol. of periodic acid 
in an hour or two, and (when buffered with sodium hydrogen carbonate) two mols. in a 
day. 

Demethylenedelpheline is therefore a 1:2: 3-triol. Since dehydrodemethyleneoxo- 
delpheline (1J1) could be reduced by lithium aluminium hydride (but not by sodium boro- 
hydride) to demethyleneoxodelpheline, no ketol rearrangement had attended cleavage of 
formaldehyde from the former, and the secondary hydroxy] group thus demonstrated in 
the latter was probably the one originally present in delpheline.* The failure of dehydro- 
demethyleneoxodelpheline (III) to reduce bismuth acetate in acetic acid * suggested that 
this secondary hydroxyl group was not adjacent to another. Initial attempts to decide 
the nature of the other two hydroxyl groups by comparative titration of the demethylene 
and the parent compounds with chromic acid in acetic acid (see the Experimental section) 
were inconclusive. All the demethylene compounds took up one equivalent of oxygen 

* Part I, J., 1956, 2689. (A preliminary note on part of the matter of this paper appeared in Chem 
and Ind., 1954, 1324.) 

+ Formally “‘ demethylene "’ denotes nopepoomtent of CH, by two hydrogen atoms, In the present 


cases it implies replacement of ~O-CH,’O- by -OH HO 
t For the sake of clarity the argument is anticipated in this and in some subsequent partial formul#. 


i Goodson, J . 1944, 665 

* Clowes and Tollens, Ber., 1809, 32, 2847. 

* See, amongst many others, Brutcher and English, /, Amer. Chem. Soc., 1962, 74, 4279; Zimmer- 
man and English, ibid., 1953, 76, 2367 
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very fast (in the light of later results, this probably involves attack mainly on the ditertiary 
glycol). The milder reagent, chromic oxide in pyridine,” destroyed demethyleneoxo- 
delpheline (1) or dehydrodemethyleneoxodelpheline (I11), but left the acetate of the former 
unaffected, so that (as was subsequently proved) the acetylated hydroxyl group was 
probably the one originally present in delpheline and the two new hydroxyl groups were 
probably both tertiary. 
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Attempts to isolate crystalline cleavage products from reaction of the demethylene 
compounds in the basic series with lead tetra-acetate or periodic acid under conditions 
indicated by titration were unsuccessful. But treatment of demethyleneoxodelpheline (1) 
with one mol. of periodic acid gave a crystalline seco-diketone (IV), showing bands in the 
infrared spectrum at 1754 and 1710 cm.~! but none in the region 2600-—2800 cm.~! charac- 
teristic of the C-H of analdehyde.* The seco-diketone therefore probably had one carbonyl 
yroup in a five-membered ring, and one in a six(or more)-membered ring : the more readily 
split glycol must have been ditertiary, and the original secondary hydroxyl group cannot 
have been involved. In agreement, the seco-diketone could be acetylated to a substance 
(V) identical with that got by oxidation of demethyleneoxodelpheline acetate (IT) with lead 
tetra-acetate, Neither the seco-diketone nor its acetate formed an oxime or 2: 4-dinitro 
phenylhydrazone; both were stable to permanganate in acetone. We can now write (A) 
for demethylenedelpheline, where the numbers indicate the probable sizes of the rings. 


C—CHO oo = (8) 


z 
Cc Cc 


While the acetate of the seco-diketone was inert to lead tetra-acetate, the seco-diketone 
itself took up a second mol. to give an acidic product. By use of periodate in an alkaline 
buffer (in acid solution the rate of reaction was negligible *) a crystalline diseco-acid (VII) 
was isolated after one mol. of oxidant had been used up, The diseco-acid (VII) had maxima, 
amongst others, at 1710 cm.~! (aldehyde and cyclohexanone) and at 2800 cm. (aldehyde), 

’ Poos, Arth, Beyler, and Sarett, ]. Amer. Chem. Soc., 1953, '75, 422. 


* Bellamy, ‘ The Infra-red Spectra of Complex Molecules,” Methuen, London, 1954, p. 135. 
* Cf. Buist and Bunton, J., 1954, 1406. 
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confirming its formulation as (B), and establishing beyond doubt that the middle hydroxyl 
group in demethyleneoxodelpheline is tertiary and attached to the main nucleus rather 
than to a side chain. The strength of the diseco-acid (pA‘ 4-1 in 50% ethanol) indicated 
stabilisation of the anion by, amongst other possibilities, a strongly electron-attracting 
a-substituent, for which the only function available would be the amide (cf. N-ecetyl- 
glycine with a pK’ of 4-9 in the same solvent). 

Oxidation of dehydrodemethyleneoxodelpheline (I11) with lead tetra-acetate gave a 
red a-diketone (VI) with bands in the infrared spectrum at 1775 and 1755 cm.! from the 
cyclopentanedione and at 1712 cm.-! from the cyclohexanone. The absence of a band at 
2600-—2800 cm.! (compared with the diseco-acid) confirmed that the hydroxyl group 
remote from the known secondary hydroxyl group was tertiary, not secondary. 

Dilute acid induced elimination of methanol from each of the seco-compounds with 
formation of substances that were recognised as a$-unsaturated ketones by their spectro- 
scopic properties. The seco-diketone (LV) formed the unsaturated seco-diketone (1X), the 
maximum in whose ultraviolet absorption at 225 my (e 11,800) showed that the double 
bond must be conjugated with one of the carbonyl groups, and only lightly substituted. 
The bands in the infrared spectrum at 1768 and 1680 cm. proved that the double bond 
had been introduced into conjugation with the cyclohexanone, not the eyclopentanone, 
carbonyl group. By a parallel change the red a-diketone (VI) gave the red unsaturated 
analogue (X). This showed the same chromophore, dma. 223 my (e 10,000), as (LX) in 
the ultraviolet spectrum, and the same two infrared bands of very high frequency due to 
the cyclopentanedione, as its precursor (VI), but instead of the band at 1712 cm.! shown 
by the latter had a broad one at 1660 cm.-! from the conjugated ketone and amide 
unresolved. 

Elimination of methanol from the diseco-acid (VII) led to the «$-unsaturated keto- 
acid (X1), which had its ultraviolet maximum at a rather longer wavelength (233 my) and 
rather less intense (¢ 6250) than its two pentacyclic analogues (IX) and (X). When treated 
with hydrochloric acid in methanol the acid (XI) was converted into a very high-melting 
pseudo-ester (VIII), showing the expected band at 1755 cm.! from the 4-lactone, its 
frequency raised by about 20 cm.~! by the adjacent methoxy-group.'” 

Under mild alkaline conditions the seco-compounds underwent an interesting series of 
changes. The seco-diketone (IV) was converted by such mild reagents as alkaline alumina 
and potassium carbonate into a substance isomeric with the «$-unsaturated seco-diketone 
(LX), which could be made also from (IX) itself in the same way. This isomer did not 
absorb intensely in the accessible ultraviolet region, and had lost the infrared band corre 
sponding to either the unconjugated or the conjugated cyclohexanone carbonyl group, but 
retained the high-frequency band. The isomer was stable to boiling dilute acid, and to 
chromic oxide in pyridine. It absorbed one equivalent of oxygen from chromic acid in 
acetic acid rapidly, and a second more slowly. It therefore contained two tertiary, but 
easily oxidised, hydroxyl groups in place of the secondary hydroxyl and six-ring carbonyl 
group of the precursor (IX). The change is most simply explained as an internal aldol 
addition of one of the two possible enolates of the ketol to the six-ring carbonyl group (c) 
in (IX). Whether it involved addition of Cg, to Cy), with regeneration of the original 
ring-system, or of C,,, to Cy) with formation of a rearranged ring-system, could not be 
decided; but that one of these alternatives had occurred was proved by oxidation of the 
isomer with lead tetra-acetate, one mol. being taken up to produce the red unsaturated 
«-diketone (X). 

A pink solution of the «-diketone (V1) immediately became colourless on addition of 
alkali. The colour gradually reappeared, even at room temperature, and the unsaturated 
a-diketone (X) could then be isolated from the solution. By rapid extraction of the 
initially decolorised solution at low temperatures a colourless, crystalline isomer of the 
z-diketone (VI) was separated, It was also formed, in rather higher yield, by boiling the 
a-diketone (VI) in ethyl acetate containing a trace of acetic acid. Further treatment of 
the colourless isomer with alkali turned it into the unsaturated «a-diketone (X). As well 
as having lost the long-wavelength band in the visible region due to the a-diketone, the 

#® Grove and Wallis, /., 1961, $77 


3124 Cookson and Trevett : 


colourless isomer lacked one of the two high-frequency bands in the CO stretching region, 
having maxima only at 1755 (ceyclopentanone) and 1720 cm.~! (cyclohexanone). Evidently 
the colourless isomer results from another aldol cyclisation; here a carbon atom « to 
carbonyl-c in (VI) has become linked to C;,) or Ca), which then carries a tertiary hydroxyl 
group. Alkali promotes equilibrium between the hexacyclic aldol and the pentacyclic 
enolate, which loses methoxide to form the unsaturated ketone (X). Neither the a-diketone 
(VI) nor its unsaturated analogue (X) showed any sign of enolising, so that the carbon 
atoms attached to C,,, and Cq) may be fully substituted or at bridge-heads."' The failure 
of dehydrodelpheline and dehydro-oxodelpheline to absorb bromine in acetic acid containing 
hydrogen bromide can also be construed as showing that the carbon atom attached to Cy) 
is unable to enolise. 

The reactions of the seco-diketone (I[V) from demethyleneoxodelpheline that do not 
involve the secondary hydroxyl group are closely analogous to those of the seco-diketones 
from oxolycoctonine * and de(hydroxymethyl)oxolycoctonine. The main difference 
is that in the lycoctonine series the dehydrodemethoxy-seco-diketone (as 1X), which cannot 
rearrange like the ketol (LX), appears to be stable to base. The parallel in the optical 
properties of the seco-diketones is particularly striking (see Table, where values are given 


Demethyleneoxodelpheline De(hydroxymethyl)oxolycoctonine 


‘Vnas.* (CM) Anes ® (Mp) © (Mo ® Vina (CM) Awan (Mp) € [M]p? 
Parent compound 1624 . }-170° 1630 -- - + 220° 
seco-Diketone (TV) 1765, 1706, 319 310 4-410 1765, 1707, 322 260 +380 
1645 1644 
Dehydrodemethoxy- 1768, 1680, 225 11,000 4300 1765, 1679, 223 ~=—«-:11,000 4.360 
seco-diketone (IX) 1645 $20 320 1642 321 320 
* In chloroform, * In ethanol, 


for derivatives of lycoctonine in which the hydroxymethyl group is replaced by hydrogen, 
so as to avoid complications from the primary hydroxyl group), especially their unusual 
spectroscopic behaviour (which will be discussed in a separate paper). In addition, the 
acid-catalysed rearrangements of oxolycoctonine™ and demethyleneoxodelpheline ** 
are quite analogous, and leave no doubt that the environments of the ditertiary glycol 
groups are identical in the two series, and that the secondary hydroxyl group in demethyl- 
enedelpheline replaces a secondary methoxyl group in lycoctonine. 

As the result of a remarkable feat of X-ray analysis '* de(hydroxymethyl)lycoctonine 
has recently been found to have the structure (XII). From chemical evidence '’ the 
hydroxymethyl group in lycoctonine must be attached in the position indicated by the 
arrow. The resulting structure for lycoctonine does not immediately recall that of other 
plant products, but it can be rewritten as the enantiomorph (XIiI), which looks more like 
a nor-diterpene and indicates the stereochemistry ¢ established by Przybylska and Marion.'® 


* We use the name “ oxolycoctonine,” afte? discussion, with the Editor, in preference to Edwards 
and Marion's '* “ lycoctonam ” in order to agree with the name used here for the analogous oxidation 
product of delpheline; to accord with traditiodal usage in the literature on the aconite and larkspur 
alkaloids; * and, it so happens, to conform with current systematic nomenclature. 

t As a means of showing configuration, the conventional flat Kens formula is apt to be am- 
biguous when applied to bridged-ring systems. In formula (XIII) the carbocyclic system of 6-, 7-, 
and 5 meutbenad rings, analogous—-at least formally——to rings a, 8, and c of the perhydrophenanthrene 
system of the tricyclic diterpenes, is taken for reference in the plane of the paper, and is shown by 
normal, thin bonds. The’configuration of substituents on these rings is shown as usual by thick or 
broken bonds, according to whether the substituent is above or below the formally flattened ring-system 
The configuration of substituents on carbon atoms in the bridges is indicated by writing the substituent 
on the appropriate side of the bridge. 

'* But see Bichi, Jeger, and Ruzicka, Heiv. Chim. Acta, 1946, 29, 442; 1948, 31, 139. 

' ©. EB. Edwards and Marion, Canad, J], Chem., 1954, $2, 195 

'* Henry, ‘ The Plant Alkaloids,’’ Churchill, London, 4th Edn., 1949, p. 673; Stern in “ The 
Alkaloids,” Ed. Manske and Holmes, Academic Press, New York, 1954, Vol, 1V, p. 275. 

“ O. EB. Edwards, Marion, and Mclvor, Canad. J. Chem., 1954, 32, 708. 

'* Cookson and Trevett, Chem. and Ind., 1954, 1391; Cookson, Klee, and Trevett, unpublished 
experiments 

'* Przybylska and Marion, Canad. J. Chem., 1966, 34, 185. 

'? ©. E. Edwards and Marion, ibid., 1952, 30, 627. 
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In passing, we note that lycoctonine (XIII) and its functional variants might arise in the 
plant from a precursor with the skeleton of atisine /* or a stereoisomer, by loss of a methyl 
group or its equivalent,!* a Wagner—Meerwein rearrangement, and cyclisation by a condens- 
ation such as a Mannich reaction. As usual the order and precise nature of the steps in 
the hypothetical series of reactions can be varied, but one possible scheme is illustrated 
in formula (XIV) * to (XIII). 

Whereas lycoctonine contains only one C-methyl group, delpheline contains two,* so 
that the simplest way in which the two bases could be related would be that demethyl- 
enedelpheline should have structure (XVI). Indeed all the known chemistry of demethyl- 
enedelpheline and its derivatives can be reconciled with that structure. 

The relation of demethylenedelpheline to delpheline still has to be discussed, We 
cannot devise a structure that would allow the carbon atom eliminated to correspond to 
either the hydroxymethyl group of lycoctonine or the missing carbon atom of a diterpenoid 
skeleton, and there is no alternative to Goodson’s methylenedioxy-group. If demethyl- 
enedelpheline is (XVI), then delpheline is probably its formal (XVII). 


(XH) 


— 2 (Xill) 


Under certain conditions oxodelpheline could be converted by acid into an isomer as 
well as demethyleneoxodelpheline, Further treatment of isooxodelphcline with acid gave 
formaldehyde and the same demethylene compound, Since tsooxodelpheline was inert 
to chromic oxide in pyridine and contained a tertiary hydroxy! group instead of the original 
secondary one it can differ from oxodelpheline only in a migration of the formal group, 
which must bridge the secondary and one of the tertiary hydroxyl groups rather than the 


* Since the position of the methylene group in atisine has not been rigidly proved, and the 
stage at which it might be lost in the genesis of lycoctonine is elastic, it is omitted in this scheme, The 
formation of the rather strained norcamphane unit in the intermediate (XV) could, of course, be 
avoided by reversing the order of the two essential reactions 


‘* Wiesner and J. A. Edwards, Experientia, 1955, 11, 255; Pelletier and Jacobs, J. Amer, Chem, 
Soc., 1954, 76, 4496 
" Woodward and Bloch, ibid., 1953, 75, 2023; Eschenmoser, Ruzicka, Jeger, and Arigoni, Helv, 


Chim. Acta, 1955, 38, 1890. 
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two tertiary ones. The infrared spectra of oxodelpheline and its isomer were similar, but 
had a different distribution of the intense ether bands near 1100 cm."._ If, as is probable, 
the hydroxy! group in delpheline has the same configuration as the corresponding methoxy] 
group in lycoctonine, the six-membered methylenedioxy-ring in isooxodelpheline is the 
more likely alternative. 


(XVII) 


A small amount of demethyleneoxodelpheline could be isolated by chromatography on 
alumina of the amorphous by-products formed during the oxidation of delpheline with 
permanganate, The unerystallisable fractions from the chromatogram absorbed at 
1758, 1720, 1676, and 1645 cm."!, suggesting that they consisted mainly of seco-compounds 
derived from demethyleneoxodelpheline by oxidation of the ditertiary glycol. The 
demethylene compound may arise by oxidation of the formal to the orthoformate group, 
followed by hydrolysis, Unless separation of formate provides sufficient driving force to 
promote rearrangement, the removal of the methylene group in the absence of strong acid 
tends to discount the possibility of skeletal rearrangement during formation of the 
demethylene compounds. But rearrangement is still conceivable. For example, the 
structure (XVIII) might conceivably rearrange as indicated to (XVII), which would then 
represent an unisolated intermediate on the way to the iso- and demethylene derivatives. 


EXPERIMENTAL 

Unless otherwise noted, physical constants were determined as follows: optical rotations 
were measured in CHCl, at about 1-—2%, concentration ; ultraviolet spectra in EtOH; infrared 
spectra, kindly taken for us by Glaxo Laboratories Ltd., in CHCl,; apparent dissociation 
constants in ethanol-water (1: 1 v/v) by electrometric titration. 

Demethylenedelpheline.—Delpheline (100 mg.) and 2: 4-dinitrophenylhydrazine (44 mg.) in 
concentrated hydrochloric acid (3 ml.) were set aside at room temperature overnight. After 
recrystallisation from ethanol the formaldehyde 2: 4-dinitrophenylhydrazone (6 mg.) had 
m, p. and mixed m, p. 166°, 

A solution of delpheline (500 mg.) in concentrated hydrochloric acid (15 ml.) that had been 
at room temperature overnight was brought to pH 7-0 with ammonia, and dimedone (1-0 g.) 
in water (100 ml.) was added, After 10 days the formaldehyde-dimedone compound (96 mg.) 
was collected (m, p. and mixed m, p. 191-—193°), 

Delpheline (2-0 g.) in concentrated hydrochloric acid (30 ml.) was left overnight, The 
solution was diluted with water, made alkaline with ammonia, and repeatedly extracted with 
chloroform, Crystallisation from aqueous methanol afforded demethylenedelpheline (1-72 g.) 
as plates, m. p. 70--78° after sintering at 66°, (a), -+-24° (+-14° in ethanol), pK’ 8-3 (Found: 
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C, 57-1; H, 925; N, 2-85; loss at 100°/vac., 13-9. C,,H,,O,N,4H,0 requires C, 56-6; H, 9-3; 
N, 2-75; loss, 14-1%). 

After recrystallisation from methanol-acetone the hydriodide had m. p. 193—-194° (decomp.) 
(Found: C, 50-4; H, 7-4; N, 2-1; I, 21-7. C,,HyO,N,HLCH,OH requires C, 50:3; H, 7-4; 
N, 2-3; I, 21-3%). When a solution of demethylenedelpheline in ethyl acetate was just 
acidified with perchloric acid in the same solvent the perchlorate, m. p. 200° (decomp.), separated 
(Found: C, 53-1; H, 7-6; Cl, 66. C,,H,O,N,HCIO, requires C, 53-6; H, 7-5; Cl, 66%), 
The nitrate melted at 191—193° (decomp.), after recrystallisation from acetone-ether (Found ; 
C, 57-7; H, 81; N, 6-4. C,H yO,N,HNO, requires C, 57-6; H, 8-05; N, 5-6%). 

Demethyleneoxodelpheline (1).—A solution of oxodelpheline (100 mg.) in concentrated hydro- 
chloric acid was left overnight. Isolation with chloroform and crystallisation from aqueous 
ethanol gave demethyleneoxodelpheline (50 mg.), m. p. 108-—110° after sintering at 101°, [a], +-35° 
(34° in ethanol), vy,, 1624 cm. (Found: C, 59-2; H, 85; N, 3-1; loss at 80°/vac., 7:3. 
Cy,H,,0O,N,2H,0 requires C, 59-1; H, 8-5; N, 30; 2H,O, 7-4%). 

Demethyieneoxodelpheline was heated on a steam-bath for | hr. with acetic anhydride in 
pyridine, Elution of the product from active alumina with ethyl acetate-benzene (1: 1 v/v) 
gave the acetate (11), which crystallised from aqueous ethanol in plates, m. p, 200-—-212°, [a), 
-+- 13° (4+ 18° in EtOH) (Found; C, 63-1; H, 7-8; N, 2-7. CyglHyO,N requires C, 63-3; H, 8-0; 
N, 2-8%). 

isoOxodelpheline.—The residue from evaporation of the mother-liquors from crystallisation 
of demethyleneoxodelpheline crystallised from ethyl acetate-cyclehexane, isoOxodelpheline 
formed needles, m. p., 212—215°, [a]p + 20°, nar 1642 cm. (1644 cm.~' in CS,) (Pound, 
anhydrous: C, 64°75; H, 8-1; N, 3-2. C,,H,,O,N requires C, 64-8; H, 805; N, 3-0. Loss 
on drying hydrate at 100° in vacuo, 3-8. LH,O requires 3-9%). 

Dehydvodemethyleneoxodelpheline (111).—A solution of dehydro-oxodelpheline (83 mg.) in 
concentrated hydrochloric acid (10 ml.) was left overnight, and the product was crystallised 
from ethyl acetate-ether to yield cube-like crystals of dehydrodemethyleneoxodelpheline (55 mg.), 
m. p. 156—-158°, {a} —115°, Amey 315 my (€ 57), Yao 1752 and 1640 cm. (Found, anhydrous ; 
C, 64-2; H,7-7; N, 3-5. C,,H,,0,N requires C, 64-1; H, 7-85; N, 31%. Loss at 100° in vacuo, 
10-35. 3H,O requires 10-7%). The m. p. of this substance varied widely with the rate of 
heating and method of observation: values were noted in the range 110--115° (hydrate ?) as 
well as 150-—160° (anhydrous ?), 

In some later experiments a small amount (10%) of a by-product crystallised rapidly in 
needles, before the cubes of demethyleneoxodelpheline that separated more slowly. This 
substance had m, p. 184-—194°, [a], — 130°, Aya, 316-319 my (€ 46), vag, 1748 and 1663 cm,! 
(Found: C, 63-5; H, 7-8; N, 3-1; no loss at 100° in vacuo. CyHy,O,N requires C, 64-1; 
H, 7-85; N, 3-1%). 

Reduction of Dehydrodemethyleneoxodelpheline.-The ketone (56 mg.) was boiled with lithium 
aluminium hydride (200 mg.) in ether (30 ml.) for 2 hr. The product, crystallised from ether, 
was demethyleneoxodelpheline (39 mg.), m. p. 98—115°, [a], +35°, The derived acetate, 
crystallised from ethyl acetate-cyclohexane, had m. p. and mixed m, p. 210-212", {a}, +25”. 

Estimation of Formaldehyde.—The reagent was made by dissolving chromotropic acid (50 
mg.) in 50%, sulphuric acid (25 ml.) and clarifying the solution by centrifugation, The 
compound (0-2-—0-3 mg.) in 50% sulphuric acid (0-5 ml.) was heated with the reagent (0-8 mil.) 
on a steam-bath for } hr. After cooling of the solution, the extinction at 570 my was compared 
with a blank. The spectrophotometer had been calibrated against solutions of accurately 
known formaldehyde content. The mols. of formaldehyde produced by various compounds 
were: delpheline 1-03, oxodelpheline 1-02, dehydrodelpheline 1-08, dehydro-oxodelpheline 1-02, 
demethylentoxodelpheline 0-02, dehydrodemethyleneoxodepheline 0-00, 

Titration with Chromic Acid,—The compound (20—-25 mg.), and chromic oxide (about 10 
mg., 4 mols.) in the minimum amount of water, were dissolved in acetic acid (to 10 ml). At 
intervals 1 ml. samples were run into excess of acidified potassium iodide solution, After 10 
min. the iodine was titrated against n/100-sodium thiosulphate solution, Appropriate blank 
experiments were run in parallel. The atom-equivs. of oxygen consumed by various compounds 
at room temperature after 5, 20, 60, and 120 min. respectively were; delpheline, 0-52, 0-86, 
1-20, 1-37; demethylenedelpheline, 0-79, 1-84, 2-44, 2:70; dehydrodelpheline, 0-00, 0-21, 0-64, 
0-85; oxodelpheline, 1-07, 1-34, 1-64, 1-90; demethyleneoxodelpheline, 1-81, 2:13, 2-36, 2-51; 
demethyleneoxodelpheline acetate, 1-04, 1-65, 2-31, 2:53; dehydrodemethyleneoxodelpheline, 
2-06, 2-20, 2-93, 

Titration with Lead Tetra-acetate.-The corpound (about 25 mg.) and lead tetra-acetate 
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(about 2-5 mols.) in glacial acetic acid (to 10 m1.) were kept in the dark. At intervals 2 ml. samples 
were run into 3% potassium iodide in saturated sodium acetate solution. After 15 min. the 
iodine was titrated against n/100-sodium thiosulphate. The consumption of lead tetra-acetate 
in mols. compared with a blank solution (time in min.) was: delpheline, 0-0 (90), 0-4 (1200) ; 
demethylenedelpheline, 1-1 (2), 1-1 (6), 1-3 (15), 1-3 (20), 1-6 (60), 1-7 (90), 2-2 (180), 2-8 (1200) ; 
oxodelpheline, 0-0 (180); demethyleneoxodelpheline, 1-0 (2), 1-0 (5), 1-16 (10), 1-8 (30), 2-0 
(90); demethyleneoxodelpheline acetate, 0-256 (2), 0-54 (56), 0-74 (10), 0-96 (30), 1-02 (90); 
dehydrodelpheline, 0-0 (180); dehydro-oxodelpheline, 0-0 (180); dehydrodemethyleneoxo- 
delpheline, 0-56 (2), 0-77 (5), 0-91 (10), 0-99 (20), 1-09 (60). 

Titration with Periodic Acid,—The compound (about 20 mg.) and periodic acid dihydrate 
(about 60 mg.) in water (6 ml.) and ethanol (to 10 ml.) were kept in the dark. At intervals 
1 ml. samples were run into saturated sodium hydrogen carbonate solution (5 ml.), Nw/10- 
Sodium arsenite (1 ml.) was added at once, followed by excess of potassium iodide (50-100 mg_.). 
Ten minutes later the excess of arsenite was titrated with n/50-iodine. The consumption of 
periodic acid in mols. compared with a blank solution (time in min.) was: oxodelpheline, 
dehydro-oxodelpheline, and demethylenedehydro-oxodelpheline, 0-0 (1080); demethyleneoxo- 
delpheline, 0-94 (10), 0-06 (80), 1-07 (120), 1-23, 1-69 (1080); demethyleneoxodelpheline acetate, 
0-3 (1080).  Vigures in italics denote up-take in the presence of sodium hydrogen carbonate. 

Demethyleneoxodelpheline seco-Diketone (1V),—-Demethyleneoxodelpheline (103 mg.) and 
periodic acid (57 mg., 1-1 mols.) in ethanol (6 ml.) and water (5 ml.) were kept at room tem- 
perature for 15 min, The resulting seco-diketone (1V), isolated with chloroform, crystallised 
from ethyl acetate-cyclohexane in plates (60 mg.), m. p. 212—214°, [a], + 02°, Aga, 319 mu 
(e 310), Yone 1765, 1706, and 1645 em. (in Nujol 1764, 1710, and 1630 cm.-!) (Found: C, 64-2; 
H, 7:7; N, 33. CysHy,O,N requires C, 64-1; H, 7-85; N, 3-1%). In this preparation it is 
important to exclude added acid or base, and to work at low temperature. 

Demethyleneoxodelpheline seco-Diketone Acetate (V).-(a) The seco-diketone (65 mg.) was 
treated with acetic anhydride (1 ml.) and pyridine (3 ml.) at room temperature overnight, to 
form the acetate (V) (58 mg.), which separated from ethyl acetate-cyclohexane in sheaves of 
crystals, m. p. 177-—-179° (after sintering at 176°), [a], 497°, Age, 317 (e 344) (Found: C, 63-5; 
H, 77; N, BL. Cy gHy,O,N requires C, 63-5; H, 76; N, 285%). (6) Demethyleneoxodel- 
pheline acetate (61 mg.) in acetic acid (1-0 ml.) and a saturated solution of lead tetra-acetate 
in acetic acid (2-56 ml., 1-25 mols.) was left for 90 min. Saturated sodium acetate solution 
(3 ml.), potassium iodide (50 mg.), and excess of sodium thiosulphate were then added. Isol 
ation with chloroform and crystallisation from ethyl acetate-cyclohexane produced the seco- 
diketone acetate (V) (40 mg.), m. p. 175-178", not depressed by sample a. 

Demethyleneoxodelpheline diseco-Acid (VI1).—Demethyleneoxodelpheline (310 mg.) and 
periodic acid (300 mg., 2-1 mols.) in ethanol (10 ml.) and water (10 ml.) were left for 15 min. 
The solution was then saturated with sodium hydrogen carbonate. Next day the acidic product 
was extracted with chloroform and crystallised from chloroform-ether. The resulting diseco- 
acid (VII) had m. p, 201—-201-5° (after sintering at 198°), [a]) 3°, Amey 285 my (¢ 57), Vinay, 
1738, 1710, and 1642 cm.“, pX’ 4-06 (Found: C, 620; H, 76; N, 3-2. C,,H,,O,N requires 
C, 61-9; H, 76; N, 30%). In some experiments using crude demethyleneoxodelpheline a 
small amount of isooxodelpheline was also isolated, 

Alternatively, the seco-diketone (IV) (22 mg.) and periodic acid (23 mg.) in ethanol (2 ml.) 
and saturated sodium hydrogen carbonate solution (5 ml.) were kept overnight, to give the 
same diseco-acid (VII) (156 mg.), m. p, 198-—201° not depressed by the first sample. 

Diazomethane converted the acid into the methyl ester, plates (from methanol-—cyclohexane), 
m. p. 194-196" (Found: C, 626; H, 78; N 31. Cy,H,,O,N requires C, 62-6; 
H, 7-8; N, 29%). 

Dehydrodemethyleneoxodelpheline seco-Diketone (V1).-When a saturated solution of lead 
tetra-acetate in acetic acid (4 ml., 1 mol.) was added to a solution of dehydrodemethyleneoxo- 
delpheline (100 mg.) in the same solvent a deep orange-pink colour gradually developed. After 
4 hr. the reaction was stopped and the product isolated as in the oxidation of demethyleneoxo- 
delpheline. The resulting a-diketone (V1) crystallised from ethyl acetate-cyclohexane as 
orange-red rosettes (68 mg.), m. p. 161—163°, [a], —260°, Ane, 490 my (¢ 163), Yn, 1775, 1755, 
1712, and 1670 cm. (Found: C, 64-0; H, 7-6; N, 2-7. C,H yO,N requires C, 64-4; H, 7-4; 
N, 31%) 

Elimination of Methanol from the seco-Compounds with Acid.-A solution of the seco-diketone 
(IV) (125 mg.) in methanol (3 ml.) and n-hydrochleric acid (10 ml.) was boiled for} hr. The 
resulting unsaturated Aetone (1X), isolated with chloroform (and kept away from base), 
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crystallised from ethyl acetate-cyclohexane in plates (97 mg.), m. p. 213-—-215° (after sintering 
at 210°), [a], -+72°, Amex. 225 and 320 my (e 11,000 and 322), v9, 1768, 1680, and 1645 cm.~ 
(Found: C, 66-2; H, 7-7; N, 32; OMe, 15-0. C,,H,,O,N requires C, 66-2; H, 7:5; N, 3-4; 
20Me, 14:8%). 

The diseco-acid (VII) (134 mg.) in methanol (4 mi.) and n-hydrochloric acid (6 ml.) was 
boiled for 15 min. Isolation with chloroform gave two products. The unsaturated acid (XI) 
crystallised from ether in rosettes (65 mg.), m. p. 233-—.234° (decomp.), [a], ~ 52°, Ama, 233 my 
(e 6250) (Found: C, 63-8; H, 7-2; OMe, 15:15. C,,H,,O,N requires C, 63-7; H, 7:2; 
20Me, 14°3%). The neutral pseudo-ester (VIII) formed prisms (35 mg.) (from chloroform- 
ether), m. p. 314° (decomp.), [a], —53°, Aga, 200-210 and 230-—233 my (e 8000 and 7000), 
Yenae, 1755, 1685, and 1646 cm.“ (Found: C, 641; H, 7:5; N, 32; OMe, 20-9, C,H yO,N 
requires C, 64-4; H, 7-4; N, 3-1; 30Me, 208%). The pseudo-ester (VIII) was also made by 
treatment of the unsaturated acid (XI) with acid methanol 

The red «-diketone (V1) (85 mg.) in methanol (1 ml.) and n-hydrochloric acid (10 ml.) was 
boiled for 10 min. Isolation with chloroform and crystallisation from ethyl acetate-cyelo- 
hexane yielded the unsaturated a-diketone (X) (25 mg.) as red leaflets, m. p. 176-—-179°, [a], 

287°, Away 223 and 494 my (¢ 10,000 and 184), v,,.. 1772, 1754, and 1658 em.” (last band 
broad and intense) (Found: C, 66-6; H, 7-0; OMe, 15-2. C,,H,,O,N requires C, 66-5; H, 7-0; 
20Me, 149%). 

Action of Alkali on the seco-Compounds,—The seco-diketone (LV) (113 mg.) in ethanol (2 ml.) 
and n-sodium hydroxide (4 ml.) was boiled for 8 min, The aldol isomer of the unsaturated 
ketone (IX) (85 mg.), isolated with chloroform and crystallised from ethyl acetate-cyclohexane, 
had m. p. 219---220°, [a], — 164°, Aya, 319-—-322 my (€ 75), Vng, 1752 and 1635 cm, (Pound ; 
C, 66-0; H, 7-6; N, 335; OMe, 14-7. C,,H,,O,N requires C, 66-2; H, 7-5; N, 34; 20Me, 
14-85%). Similar treatment of the seco-diketone acetate (V) led to the same product, 

The unsaturated seco-diketone (IX) (100 mg.) in methanol (4 ml.) and n-sodium hydroxide 
(6 ml.) was boiled for 15 min, to produce the aldol isomer (76 mg.), [a], — 160°, m, p, 221-—224°, 
not depressed by the previous sample, 

Addition of n-sodium hydroxide (1 ml.) to a solution of the «-diketone (VI) (100 mg.) in 
methanol (2 ml.) at 0° decolorised the solution, which was immediately extracted with chloro- 
form. The red gum that remained on evaporation of the solvent was dissolved in ether; 
colourless needles of the aldol isomer (10 mg.) were then deposited. After recrystallisation 
from ethyl acetate-cyclohexane they had m, p. 198—-201° (decomp,), [a], 101°, Agua, 312 my 
(c 59). The residue crystallised from ethyl acetate-cyclohexane as the unsaturated a-diketone 
(X) (72 mg.), m. p. 166-—168°, undepressed by the sample prepared with acid. 

Alternatively, the a-diketone (VI) (531 mg.) in ethyl acetate (6 ml.) containing a trace of 
acetic acid was heated on a steam-bath for} hr. As the solution cooled it deposited colourless 
needles of the aldol isomer (50 mg.), m. p. 165-—-166° (decomp.), [a], — 103°, Aga, 308 mp (e 56), 
Vmax, 1755, 1720, and 1642 cm.+ (Found: C, 642; H, 7-4; N, 3-65. CyH,y,O,N requires 
C, 64-4; H, 7-4; N, 31%). The m. p. could not be raised by repeated recrystallisation from 
ethyl acetate-cyclohexane. A mixture of this sample with the one melting at 198--210° 
(above) melted at 175—-185°. Lack of material prevented a closer investigation of the 
discrepancy. 

Titration of Some seco-Compounds with Lead Tetra-acetate,-Under the conditions detailed 
before, the up-take of lead tetra-acetate in mols, (time in min.) was; seco-diketone (IV), 0-19 (2), 
0-42 (5), 0-65 (12), 0-73 (15), 0-85 (30), 0-97 (60), 0-96 (120); seco-diketone acetate (V), 0-0 (120); 
aldol isomer of the unsaturated seco-diketone (IX), 0-71 (5), 0-88 (15), 0-93 (30), 0-99 (60), 

Oxidation of the Aldol with Lead Tetra-acetate..-The aldol isomer of the unsaturated seco 
diketone (1X) (22 mg.) in acetic acid (2 ml.) and saturated lead tetra-acetate solution (0-7 ml., 
0-9 mol.) was left for 10 min. Crystallisation of the product from ethyl acetate-cyclohexane 
produced the unsaturated «-diketone (X) (11 mg.), [a], — 283°, m. p. and mixed m, p, 176-179". 
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603. T'etrazolium Compounds. Part V.* Polarography of Triphenyl- 
tetrazolium Bromide and Some of its Substituted Derivatives. 


By H. Camppert and P. O, Kane. 


Triphenyltetrazolium bromide gives anomalous polarographic waves in 
aqueous solution, believed to be due to adsorption effects. Use of 50% 
methanol-water solutions gives more regular polarograms, and up to 4 waves 
are obtained involving a total of 8 electrons per molecule. The postulated 
reduction reactions, ionisation changes being neglected, are as follows, at 
high pH values : 


ZN —NPh de JN-NHPh 2e JIN“NHPh 
Ph-C? , ——p = PhrC. ——e Pho 
N=NPh ‘NUNPh “INH-NHPh 
le /NH-NHPh 20° /NH, 
——~ Ph HC ——— we Ph HC + Ph-NH, 
NH-NHPh “NH-NHPh 


At low pH values the first two reactions occur at the same potential. From 
the dependence of half-wave potential on pH, probable mechanisms of 
reduction are discussed. Substituted triphenyltetrazolium salts behave 
similarly to the parent compound, The relations of half-wave potential to 
structure and bacteriostatic activity are discussed, 


ALTHouGH# considerable interest has been shown in the reduction of substituted triphenyl- 
tetrazolium ions in living organisms (see Part I), it is only recently that physicochemical 
studies of the oxidation-reduction properties of these compounds have been made under 
experimental conditions which allow significant conclusions to be drawn. Jambor,! who 
has reviewed the earlier literature, made a polarographic study of aqueous solutions of 
triphenyltetrazolium chloride over the potential range 0 to about —1-0 v versus the normal 
calomel electrode and has concluded that the mechanism is : 

(i) At pH >6, two separate reduction waves, corresponding to two successive reactions, 
the first being thermodynamically reversible ; 


+ WH 
ZN--NPh a oF eeede de P » ane 
Pree, =—— prc — > = Phc 
N=NPh NUNPh \NH-NHPh 


(ii) At pH <6, one reduction wave corresponding to two successive reactions, the 
half-wave potentials of which are not sufficiently different to allow separation into two 
waves (an adsorption forewave is present in the pH range 5-5—-8-5) : 


N—NPh 20 JN-NPh 2 N-NHPh 
Ph-C : ——s PhCc | ——e PhC’ 
N==NPh Hi NNH-NPh 2H? NH-NHPh 


Although there is considerable agreement between the experimental results and con- 
clusions of the present authors and those of Jambor, there are important points of 
disagreement which are : 

(4) The absence of a flat residual current curve at high pH values from Jambor’s 
polarograms (¢.g., his Fig. 8, curve 1, and Fig. 9, curves 8—11) suggests that there were 
impurities in his solutions which were oxidised at potentials close to the half-wave potential 
of the triphenyltetrazolium ion. Such impurities may well affect the shape of the reduction 
waves. They may also account for the oxidation wave of triphenylformazan in alkaline 
ethanol, reported by Jambor as evidence for the thermodynamic reversibility of the 
reduction of triphenyltetrazolium chloride to triphenylformazan. We have found no 
evidence for such an oxidation wave (see our Fig. 3). 


* Part IV, J., 1954, 2968, 
* Jambor, Acta Chim, Acad, Sci. Hung, 1954, 4, 55. 
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(6) We cannot agree with Jambor’s interpretation of the effect of pH on half-wave 
potential. In our opinion, there is no evidence from either our results or Jambor’s for 
postulating the formation of 1 : 2-dihydro-2 : 3: 5-triphenyltetrazole in the reduction of 
the triphenyltetrazolium ion at low pH values. 

Since there is this disagreement between Jambor and the present authors and since 
our studies cover a wider range of reduction potentials and include a number of substituted 
triphenyltetrazolium ions, we are presenting our experimental results in detail in this paper. 


EXPERIMENTAL METHODS 

Triphenyltetrazolium bromide and the substituted compounds listed in Table 6 (p, 3138) 
have been examined. The latter were bromides (in most experiments), chlorides, and sulphates 
and the results obtained were independent of the anion. ‘The synthesis of these compounds is 
described in Part I of this series (see Table 5). 

A manually operated polarograph, built in this laboratory, was used. Half-wave potentials 
were measured in volts relative to the saturated calomel electrode and were corrected for ohmic 
potential differences across the polarographic cell. Currents were measured in microamperes 
(uA). Limiting currents are measured as the difference between the value of the current plateau 
or inflexion point and the residual current of the supporting electrolyte. Measurements were 
made in buffered solutions at 25° +. 02°, 0-002% Carbowax 4000 (a polyethylene glycol of 
molecular weight ca. 4000) was used as maximum suppressor.*. pH values were measured with 
a Doran glass electrode and Cambridge pH meter. Calibration of the electrode with standard 
buffers showed that in the pH range 4—-9-2 the measurements were accurate within 4-0-02 pH. 
No corrections have been applied to the measured pH values of 50% methanol-water solutions, 
The apparatus for controlled potential electrolysis consisted of a potentiostat,’ electrolysis 
cell,t and hydrogen-oxygen coulometer.’ 

The electrode characteristics were: mercury flow rate, 2:60 mg./sec.; drop time in 
0-1N-potassium chloride on open circuit, 4°51 sec. 

The parent compound, triphenyltetrazolium bromide, was investigated over the pH range 
2-12 at one concentration and at pH 6-7 over a range of concentrations, Anomalous waves, 
believed to be due to adsorption, were obtained in aqueous solutions and were especially notice- 
able above pH 7. They were largely eliminated by the use of 50% methanol-water buffer 
solutions. On exposure of solutions to light, an additional wave was slowly produced which 
was shown to be due to the photochemical oxidation product of triphenyltetrazolium bromide 
which has been reported* as being 5-phenyl-2: 3-(2: 2’-diphenylene)tetrazolium bromide, 
Substituted triphenyltetrazolium ions were studied only at pH 6-7 in aqueous 10~™m-solution, 

The controlled-potential electrolysis apparatus was used for preparing reduction products 
and for the determination of the value, n, of the number of electrons per molecule involved in 
the electrode reaction. Lingane® claims that by this method he can distinguish between 
n = 17 and = 18 for picric acid, an error of less than 5% being implied. In our experience, 
however, when the reduction product is readily oxidised by oxygen contained in the nitrogen 
bubbling through the solution, as in the present case, a positive error of as much as 30% can 
arise if ‘‘ nitrogen free from oxygen ”’ (British Oxygen Company; <10 p.p.m. of oxygen) is used, 


RESULTS AND Discussion 

Triphenyltetrazolium Bromide.—Polarograms. Fig. la shows polarograms of triphenyl- 
tetrazolium bromide at a constant 0-229 x 10°°m-concentration in water over the pH 
range 1-83-—8-34, which are in limited agreement with those of Jambor. At pH values 
<4-07, two waves (@ and y) are present, and at pH values >4-91 a third wave (8) is revealed 
by the displacement of the hydrogen-wave to more negative potentials. With increasing 
pH, the 6-wave splits, giving a small fore-wave (a) at pH 6-22 and again at pH 7-08 (@’ and 
6”). Ata constant pH of 6-7 a similar splitting of the @-wave occurs on increasing the 
concentration, as is shown in Fig. 16. At pH 8-34, a maximum which cannot easily be 

* Kane, Ph.D. Thesis, London, 1955. 

* Hickling, Trans. Faraday Soc., 1942, 38, 27 

* Lingane, Swain, and Field, ]. Amer. Chem. Soc, 1943, 66, 1348 

” 

e 


Lingane, ibid., 1945, 67, 1916 
Hausser, Jerchel, and Kuhn, Chem. Ber., 1949, 82, 105 
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suppressed appears in the wave. Polarograms cannot be determined in more alkaline 
solutions owing to large, irregular fluctuations of the galvanometer. 

Further information about this anomalous splitting of the waves is obtained from the 
variation of the polarograms with concentration. The height of the a-wave is independent 
of concentration over the range of concentrations studied and is directly proportional to 
the mercury head on the dropping electrode. Brdicka ’ attributed a similar wave in the 


Fic. la. Polavograms of triphenyltetrazolium bromide in aqueous solution 


i n 4. 
-10 -20 
Applied voltage 


lriphenyltetrazolium bromide, 0-229 x 1O-*m. pH values: A, 183; B, 2-96; C, 407; D, 491; 
BE, 622; F, 708; G, 834. 


-1-0 
Applied voltage 
lriphenyltetrazoliam bromide, 0-243 x 10"*m, pH values: A, 2 31; B, 2-04; C, 404; D, BAl; 
E, 618; F, 717; G, 822; H, 914; J, 10-46; J, 11-45. 


Voltage scale, correct for A, is displaced —0-04 v for each succeeding polarogram in Figs. la and b 


polarographic reduction of methylene-blue to adsorption of the reduction products on the 
mercury surface. If a similar explanation holds here, triphenyltetrazolium bromide is 
reduced to the same product in both the a- and the 6-wave, the half-wave potential of the 
«wave being less negative because the free energy of adsorption of the reduction product 
changes the overall free energy of the reduction process. The constant height of the 
»-wave is due to saturation of the mercury surface with the adsorbed reduction product, 
and the triphenyltetrazolium ions reduced in the a-wave cannot contribute to the $-wave. 
Consequently, as found experimentally (Fig. 2a), the limiting current $-wave should be 


Brdicka, Coll. Creech. Chem. Comm., 1947, 19, 522 
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proportional to the concentration of the triphenyltetrazolium ion in the concentration 
range in which the 6-wave does not split into multiple waves. 

In Fig. 2a, the limiting currents of all the waves are plotted against the concentration 
of triphenyltetrazolium ion in aqueous solution at pH 6-7. Half-wave potentials are also 
given. The small limiting current of the a-wave has not been plotted. The » and the 
8-waves are normal in that the limiting currents are proportional to concentration, and the 
half-wave potentials are very nearly independent of concentration. The half-wave 
potential of the 6-wave at low, and of the $’-wave at high, concentrations is very nearly 
independent of concentration, indicating that they are due to the same electrode reaction. 
The limiting current of the 6-wave at low, and of the 6’’-wave at high, concentrations is 
approximately proportional to concentration, indicating that the number of electrons per 
molecule involved in the electrode reaction and, hence, probably, in formation of the reduc- 
tion product is the same for the $- and the 6’’-wave. At high concentrations, it appears 


16.26. Relations between limit- 

ing curventand concentration for 

Fic, 2a. Relations between limiting current _triphenyltetrazolium bromide in 

and concentration for tripnenyltetrazolium 50% v/v aqueous methanol at 
bromide in aqueous solution at pH 6-7, pH ~7 
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that some of the triphenyltetrazolium ions are prevented from taking part in the normal 
electrode reaction causing the 6- and the 6’-wave and are then reduced at the more negative 
potentials of the 6”-wave. Unlike the «wave, where it has been postulated that a free 
energy of adsorption of the reduction product makes reduction easier than normally, the 
6’’-wave must involve an additional reaction stage, the free energy of which makes the 
reduction more difficult than normally. This extra stage may be the adsorption, at 
high concentrations, of triphenyltetrazolium ions. At >14) * 10°m-concentration the 
polarograms again change in nature, the @’-, the y-, and the 4-wave becoming merged into 
a single wave whose half-wave potential is between those of the y- and the wave and whose 
height is equal to the combined heights of the @’-, y-, ancl @wave. No explanation can, at 
present, be advanced for this phenomenon. 

Adsorption effects in the polarography of acridine derivatives * were eliminated by the 
use of a supporting electrolyte containing large concentrations of methanol. By using 
buffered 50% v/v methanol-water solutions of triphenyltetrazolium bromide, anomalous 
behaviour is considerably reduced (Figs. 15 and 24). The a-wave is absent and the 
behaviour of the 6-wave is normal to higher values than in the absence of methanol. Fig. 


* Kaye and Stonehill, J., 1951, 27, 2638 
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2b shows that, over a wide range of concentration at about pH 7, the limiting currents for 
the @-, y-, and 4-waves are proportional to concentration. In solutions more alkaline than 
about pH 8, the 6-wave splits into two equal waves, 6, and ,, the electrode reactions of 
which do not involve adsorption as postulated for the @’- and @’-waves in the absence of 
methanol. The mechanism of the electrode reaction associated with @,- and $,-waves is 
discussed in greater detail below. 

Number of electrons involved in electrode reactions. The number, n, of electrons involved 
in each electrode reaction is of value in establishing the nature of the reduction product 
associated with each polarographic wave. Two methods have been used to evaluate n, 
viz., application of the Ilkovic equation, and coulometry. 

The experimentally determined equivalent conductance at infinite dilution of aqueous 
solutions of triphenyltetrazolium bromide at 25° is 98-0. From the limiting conductance ® 
at 26° of the bromide ion, 78°2, the ion conductance of triphenyltetrazolium is calculated 
as 19-8, and Dy, as 529 x 10°* cm.*/sec. This value is in good agreement with that 
obtained by Jambor! (6 « 10° em.*/sec.) from direct diffusion measurements in a Lamm 
diffusion apparatus. The diffusion coefficient for the triphenyltetrazolium ion in 50°% v/v 
aqueous methanol was calculated as 3-50 x 10° cm.*/sec. by using the Ilkovic equation 
and assuming that, at equal concentrations of triphenyltetrazolium ion below that at 
which anomalous effects appear, the difference in wave heights of the B-wave in aqueous 
and in methanolic solution is entirely due to differences in the diffusion coefficient. The 
diffusion current constant D’, where, with the usual symbolism, 


D! <= iglom™414® <= 605nD! 


showed less than 2%, variation with pH. The values of » in Table 1 were calculated. 
rhe value n = 4 for the 6-wave was in agreement with Jambor’s results. 


TanLe |. Diffusion current data and values of n for triphenyltetrazolium bromide. 
Wave Solvent pH range 

B Water ’ 
y Water 
é Water 
By 50°, Methanol 

Ble B, above pHi 9) 50% Methanol 

50% Methanol ‘ 

5 % Methanol ‘s . 15 815 


A value for n of 4-72 for the #-wave was obtained from the quantity of electricity 
required to reduce a given weight of triphenyltetrazolium bromide in aqueous 0-5n-sul 
phuric acid, with the cathode potential controlled to allow only the electrode reaction of the 
%-wave to occur and corrections for the small residual current due to electrolysis of the 
supporting electrolyte, Since the diffusion current of the 6-wave does not vary appreciably 
with pH, this value of m which, in the present case, is a maximum value owing to errors 
discussed above, is not in disagreement with the value n == 4 given in Table 1. 

Nature of the reduction processes, The reduction product of the 6-wave, which unlike 
triphenylformazan, is colourless and soluble in 0-5n-sulphuric acid, has been prepared by 
controlled potential electrolysis. Its rapid oxidation in air to triphenylformazan made it 
difficult to determine its chemical properties but proves that the molecule is not split 
into two or more parts during the reduction associated with the «- and the $-wave, and that 

/N-NHPh /NH-NHPh 
(1) Phy Ph:-HC< (11) 
NH-NHPh N-NPh 


that the phenyl group cannot be reduced at the dropping mercury electrode in the potential 
range 0 to 2 v, two structures (I) and (II) are possible for the full reduction product. 
These may be tautomeric forms; both contain the readily oxidised hydrazo-group. Apart 


2 of the 4 electrons are probably used in opening the tetrazolium ring. Since it is known 


* International Critical Tables, 1926, Vol. VI, p. 230. 
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from the opening of the tetrazolium ring, they are formed by the reduction of N=N and C=N 
bonds and a comparison of the polarographic data for the triphenyltetrazolium ion, azo- 
benzene, and benzylideneaniline (Table 2) favours (I) as the structure of the reduction 


TABLE 2. Half-wave potentials of azobenzene, benzylideneaniline, and triphenyltetrazolium 
ton at 25° in aqueous methyl alcohol (50°%, v/v) at ca. pH 7. 
Buffer, KH,PO,-Na,HPO, (each 0-05m), Concn. of compound ca, 10° mole/I. 
Compound 4 Compound ~~ Ey (v) 


Ph:N=N-Ph , Triphenyltetrazolium ne} 0-44 (B wave) 
Ph*N=CH:Ph , (0-6 x 10m) 1:33 (y wave) 


product of the $-wave. The high concentration of methyl alcohol in solution probably 
affects the reproducibility of the solution junction potential, but the half-wave potential 
of the 6-wave of the triphenyltettazolium ion is very much more nearly in agreement with 
that of azobenzene than with that of benzylideneaniline. 
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Fic. 3. Polarograms of 2-43 x 10-‘m-tri- 
phenyltetrazolium bromide (QC) and 8-32 x 
10-*m-triphenylformazan ((j) in 95% 
methanol-water at high pH. 
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Two reaction routes are possible for the two separate waves, each of 2 electrons, into 
which the 6-wave splits in solutions more alkaline than about pH 8, both routes yielding 
structure (I) for the final reduction product. One route involves the reduction of triphenyl- 
formazan (III) so that a choice between these possible routes can be made from a comparison 
of the half-wave potentials of triphenylformazan with those of the 6, and the $,-wave. 
Owing to its extremely low solubility in solvents containing high proportions of water, 
triphenylformazan was studied in 95% v/v methanol. Since pH values in 95°, methanol 


ZN: NHPh 
Cc 
NNINPh 


el 
a 
(111) ZN: NHPh 
Ph-C- 
NH-NHPh 


4 
JUN = —~* 


“NH-NPh 


Ph-C 


are uncertain and solution junction potentials may be appreciable, polarograms (Fig. 3) of 
both triphenylformazan and the triphenyltetrazolium ion were determined in this solvent, 
with 0-2n-lithium hydroxide as supporting electrolyte. The concentrations were adjusted 
so that the currents flowing at the half-wave potentials of the $,-wave of triphenyl- 
tetrazolium bromide and the single wave of triphenylformazan were approximately equal. 
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This minimised errors due to ohmic potential drop. Half-wave potential data from these 
polarograms are summarised in Table 3. 


Tas_e 3. Polarographic data for the triphenyltetrazolium ion and 
triphenylformazan in 95°, methanol at high pH values. 


Compound 
Triphenyltetrazolium ion, B, wave 


dD’ 
3- 
6. 
Triphenylformazan 3 
The single reduction wave of triphenylformazan corresponds reasonably closely with the 
fy wave, suggesting that the reduction mechanism is the same and that triphenylformazan 
is the reduction product of the 6,-wave. The absence of an oxidation wave of half-wave 
potential --0-44 v indicates that the reduction of the triphenyltetrazolium ion to triphenyl- 
formazan is thermodynamically irreversible. This is in complete disagreement with 
Jambor’s results! for ethanol-water solutions. It is considered very unlikely that this 
change of solvent would alter a reversible to an irreversible reduction. 
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lia. 4. Relation between half-wave potential and pH for 
triphenyltetrazolium bromide in 50%, v/v methanol. 
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No attempt was made to isolate the reduction products of the y- and the é-waves. 
Ihe agreement between the half-wave potentials of the y-wave and of benzylideneaniline 
(Table 2) suggests that the C=N bond of structure (1) is reduced, giving PheCH(NH*NHPh),. 
The 3-wave must represent rupture of the molecule, and one of the hydrazo-bonds may be 
reduced since these are probably the weakest in the molecule : 


de 
Ph‘CH(NH*NHPh), ——® NH,°CHPh*NH*NHPh + Ph’NH, 


lig. 4 shows the effect of pH on the half-wave potentials of the triphenyltetrazolium ion. 
Ihe results were obtained from Fig. 1), and were in substantial agreement with Jambor’s 
although showing much less scatter. Kaye and Stonehill* have developed somewhat 
cumbersome equations to express the pH-dependence of half-wave potential for acridine 
derivatives. Kane * has simplified these equations. Considering a reversible electrode 
reaction of the type, 

A 4+- ne + gH’ == B 

we then have 


E, = E,—0060g/n pH at 25°. . ww... 8) 


Chis equation is a generalisation of those derived by Kaye and Stonehill.* The half-wave 
potential varies rectilinearly with pH when g is constant. This occurs when both oxidant 
and reductant show either no change or an identical change of degree of ionisation with pH. 
From the slope of this straight line (referred to below as the pH slope of the wave) and the 
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known value of », the value of g can be calculated. If the ionic state of one level of 
oxidation is known, that of the other may be calculated. Although equation (3) is strictly 
valid only for reversible reactions, it is frequently found that electrode reactions which are, 
overall, irreversible obey this equation or its less generalised forms approximately.*® 
Occasionally, large discrepancies between theory and experiment are found. It is, therefore, 
of interest to apply equation (3) to the reduction steps of the triphenyltetrazolium ion and 
on this basis the reductions given in Table 4 are considered most probable. There is only 
one serious divergence between theory and experiment, viz., the y-wave at pH 9—12. 
Although the pH slope of the wave (—0-100 v) suggested values of g/n of } (—0-089 v) or 
4 (—0-118 v) rather than $ (—0-059 v), the following argument shows that the last value 
is probably correct. Over the pH range 9—12, the compound being reduced in the y-wave 
must be the same compound, in the same state of ionisation, as the reduction product of 
the 6,-wave. This compound is known from the pH-dependence of the 6,- and the 6,-wave 
to possess two negative charges. In the pH range 2—8, the reduction product of the 
y-wave has been shown to possess two negative charges and cannot, therefore, be less 
negative at higher pH values. Consequently, not more than two hydrogen ions can be 
added over the pH range 9—12., 

The formulation of reduction products with as many as three negative charges is not 
to be taken as indicating that these structures are necessarily stable ions which have a free 


Taste 4, Probable reduction reactions of triphenylletrazolium bromide. 
pH slope (volts) 
pH Theor- Experi- 
range Probable reaction etical mental 
ZN-—NPh N-NHPh 
5 : Ph-C 0045 —0-045 
Ph NH-NHPh 


N-NPh 
Ph-C 
N:NPh 
ZN-NPh 
Ph-C 0-030 0-037 
“N-NHPh 


_/NCNHPh 
Ph C: 
NH-NHPh 
N-NHPh 


“0-959 0-100 
NH-NHPh 


~~ 030 


existence, but, more probably, that the rate of addition of hydrogen ions is much slower 
than the electron addition which is the potential-determining step.* Kaye and Stonehill * 
have postulated equally improbable ions as reduction products of aecridines. 

Substituted Triphenyltetrazolium Salts.—Results. The half-wave potentials and data 
on bacteriostatic activity are given in Table 5. 

(a) Effect of structure on half-wave potential. Yor any reversible four-clectron /molecule 
reduction, a change in redox potential of 0-100 v is equivalent to a change in free energy 
of reduction of 10 keal./mole. If it is assumed that a similar relation holds for thermo- 
dynamically irreversible reductions, it follows that the effect of para-substituents on the 
free energy of reduction of the triphenyltetrazolium ion was less than 4-3 kcal./mole. If 
these changes of free energy are wholly associated with changes in potential energy of the 
tetrazolium molecule (whether by inductive or mesomeric effect of substituents) then such 
potential energy changes are quite small. The only ortho-substituted compound investi- 
gated (the penultimate one of Table 5) possessed the most negative half-wave potential for 
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the @-wave and is in broad agreement with the results of Jerchel and Mohle }° who found 
that in a series of 5-alkyl-2 : 3-diaryltetrazolium compounds ortho-substituents caused much 
greater changes of reduction potential than para-substituents. Although, there are no 
data on the resonance energy of tetrazolium compounds, the value for | : 3 : 5-triphenyl- 
benzene is 26 kcal./mole, excluding Kekulé resonance. The value for the triphenyl- 
tetrazolium ion excluding Kekulé resonance, and that of the tetrazolium ring might be 


Taste 5. Half-wave potential, structure, and bacteriostatic activity of substituted 
triphenyltetrazolium derivatives.* 


x-cHcl™ | 
p-X-CeH, 4 + 
N=NPh 
Max. diln.t for 
—~ Ey (v vs. S.C.E,) at pH 6-7 bacteriostatic activity 
a B t) S. aureus B. coli 

H Ph O15 0-35 ° 1-5 : 8,000 <1: 2,000 
NH Ph 0-20 0-35 ° 1-5* : 16,000 <I: : 500 
NHAc Ph O13 «0°34 
NO, Ph 0-08 0°38 
p NAcc sHySOyNH Ph O18 0°36 
p-NHyClyeSOyNH Ph O17 = OBS 
N¢ yo) 4 0-36 
Ir H,Br 6 0-34 
i PN herc HW, O12 0-36 , 
H pL HCl 0-12 0-32 , , : 16,000 
H p- “i, ‘Pri 0-16 0-35 Li . N.T, 
iH pe SH.Ph ‘ 0-33 1 : 256,000 
H $-NH,C,H,Cl O12 06-38 40-1: 128,000 
i 4 NHyC,H,Cl O14 O42 ‘li 1 : 32,000 
H ‘ : $-NH,C.H,(OH) od O41 1-17 1 ; 32,000 

* Maximum. * Wave overlapped by other waves. ‘ Wave absent or too small for accurate 


measurement 
* Kef. for the lst compound : von Pechmann and Runge, Ber., 1894, 27, 2920. Ref. for the others : 


Ashley, Davis, Nineham, and Slack, /., 1953, 3881 
+t Vreeman, Pattinson, Alexander, and Grose, personal communication; N.T. not tested 


expected to be less than this since steric factors prohibit coplanarity of the molecule. This 
is borne out by the results of Jerchel and Mohle ' who found that replacing the 5-pheny! 
group of triphenyltetrazolium chloride by methyl or carboxyl changed the reduction 
potential by less than 0-01 v in either case. It is clear, then, that no profound changes of 
half-wave potential with simple substitution in the benzene rings are to be expected, which 
is borne out by Table 5, 

Relation between half-wave potential and bacteriostatic activity, Bacteriostatic and 
biological activity is always associated with the formation of triphenylformazan, which 
has no separate existence during polarographic reduction of triphenyltetrazoliun salts at 
pH 7. The a- and the 6-wave are believed to include, as part of the electrode reaction, the 
opening of the tetrazolium ring such as occurs in reduction to triphenylformazan. The 
a-wave is characteristic of the reduction under the special conditions of adsorption of the 
reduction product on a mercury surface. This condition is, of course, not present in 
biological systems and must, therefore, be ignored. Although the (-wave involves 
reduction beyond triphenylformazan, its half-wave potential can probably be regarded as 
a measure of the ease of reduction to triphenylformazan, If the half-wave potential of the 
ring-opening and the other stage of the 6-wave electrode reaction were markedly different, 
it would be expected that the single 6-wave should be replaced by two separate waves, as 
is found in more alkaline solution, The thermodynamic irreversibility of the reduction 
does not allow complete identity between half-wave and redox potentials to be assumed. 
The results in Table 5 show that, whereas there is a wide variation in bacteriostatic activity, 
there is little variation in the half-wave potential of the 6-wave and there is no correlation 
between bacteriostatic activity and half-wave potential. If the bacteriostatic activity 


10 Jor hel and Mohle, Ber., 1944, 77, 591 


‘* Pauling and Sherman, /. Chem. Phys., 1933, 1, 606. 
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of triphenyltetrazolium salts is due to their acting as electron-acceptors for an enzyme 
system, then some factor such as availability at the enzyme “ site of action,” rather than 
reduction potential, must be influencing the bacteriostatic activity. Alternatively, the 
the active species may be triphenylformazan, the soluble triphenyltetrazolium ion being a 
method of transport to the enzyme. Data on the reduction potentials of substituted 
triphenylformazans corresponding to the tetrazolium salts of Table 5 are not, as yet, 
available. 

The authors thank the Directors of May & Baker Ltd. for permission to publish these results, 


Messrs. May & Baker Lrp., DaGennam, Essex Received, November 18th, 1955.) 


604. T'richloromethylthio-derivatives of Biological Interest.* 
By GEORGE SOSNOVSKY 
A number of new S-alkoxy- and S-amino-derivatives from trichloro- 
methanesulphenyl chloride, and several tetrachlorotetrahydrodithiadiazines 
have been prepared, Most of them showed biological activity against selected 
fungi, 


ATTENTION has been drawn recently to the fungicidal activity of compounds containing a 
trichloromethylthio-radical attached to a nitrogen atom! (e.g., tetrahydro-N-trichloro- 
methylthiophthalimide, ‘‘ Orthocide ’’). The present work was designed to produce 
further compounds of this type and to determine whether the activity was affected by the 
replacement of the nitrogen-sulphur by an oxygen-sulphur linkage or by the elimination 
of one of the chlorine atoms. 

At first, difficulty was experienced in condensing compounds containing an active 
hydrogen atom with trichloromethanesulphenyl chloride. Alcohols gave orthocarbonic 
esters, and amines formed highly coloured materials; to preserve the trichloromethyl- 
thio-radical intact, careful control of temperature was required. A number of condensing 
agents were used for the synthesis of S-alkoxytrichloromethanethiols, Trichloro-S- 
methoxymethanethiol was prepared by using sodium methoxide,* or, better, magnesium 
methoxide; potassium hydroxide in methanol gave the same product and was used with 
other simple alcohols. 

When an excess of the alcohol was undesirable or the other reagents gave poor results, 
pyridine in an inert solvent was useful; ¢.g., trichloro-S-(tetrahydrofurfuryloxy)methane 
thiol was obtained only by the use of pyridine, since potassium hydroxide caused degradation. 

Pyrrolidine, piperidine, ethylenediamine, and piperazine were selected as amines for 
study because many biologically active derivatives of them are known. Connolly and 
Dyson * used aqueous sodium carbonate to condense trichloromethanesulphenyl chloride 
with organic bases and this technique was used in several instances. Since presence of 
water led to the partial decomposition of some of the products, and use of pyridine in an 
inert solvent gave poor yields of impure products, it was found better to use an excess of 
the amine taking part in the reaction. 

Connolly and Dyson* cyclised  trichloro-S-p-toluidinomethanethiol 
by alcoholic potassium hydroxide to form the tetrachlorotetrahydrodi-p- ys 
tolyl-1 : 4-dithia-2 : 5-diazine ([; R = p-tolyl). This was repeated and the Ci,ce 45 
analogous reactions were carried aut with o- and m-toluidine but without $s: 9sCCi, 
isolation of the intermediate stages. Ww 

The biological tests are tabulated. The dithiadiazines were inactive. R 
The results indicate that the nitrogen-sulphur linkage is not an essential 
feature of the activity of compounds related to ‘‘ Orthocide,”’ but there are other effects 
that cannot be explained at present. 


(1) 


* Patents pending. 

1 Kittleson, U.S.P. 2,553,770. 

* Cf, Connolly and Dyson, J., 1937, 827. 
* Connolly and Dyson, /., 1934, 822. 
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EXPERIMENTAL 


Microanalyses were carried out by Dr. W. Zimmerman of the C.S.1,R.O., Melbourne. 

Preparation of Mono- and Bis-trichloromethylthio-derivatives.The compounds prepared are 
tabulated : only the methods giving the best yields are shown, Examples are detailed below. 
The reaction mixtures were diluted with water after the additions were completed, and the 
products extracted with ether and fractionally distilled or, for solids, recrystallized from 
methylene chloride and ether, 

(A) To propan-1l-ol (60 ml.), pyridine (20 ml.), and ether (20 ml.) at 0° was added a solution 
of trichloromethanesgulphenyl chloride (21 ml.) in ether (100 m1.). 

(B) A solution of trichloromethanesulphenyl chloride (10-8 ml.} in ether (50 ml.) was added 
slowly to a mixture of pyrrolidine (7-1 g.), sodium carbonate (10-5 g.), water (100 ml.), and 
ether (50 ml.), at 0-6’, 

(C) Trichloromethanesulpheny! chloride (10-8 ml.) in ether (50 ml.) was added to piperidine 
(15 g.) in ether (100 ml.) at 0° with stirring. 


T richloromethyliiio-derivatives CClySR and (CCl,°5)_X. 
Biological activity * 
Method Yield’ B, p./mm. ~ Pucpeees 


No K of prepn (%) (m. p.) f P B S A 
BS coccocstensimmnaitiinstenctiiibe A 69 63° /30 . { + - 
DD CEE wcocccccprevepetepehtadecasiiieens A 47 36--38°/1 + t t t 
S OPM... ..cccccrscvscevdcthevosessbynee A 53 67-—68° /12 ~ + + —_ 
4 QBu® _ ..cosncdvasiveses sadsiverosste A 4) 90-—92°/11 — — _ ~ 
Bh . Be ee A 55 63-—64°/5 - + + . 
© REVIOEY  cuscecepsschete.meotebecce A 58 106--108°/9 + — + + 
7 Pent-4-enyloxy  ....scccccereesees A 58 2°j1 - } — a any 
8 Tetrahydrofurfuryloxy ......... A 8S 116°/2 — + + ans + 
D Pycrolidine scorreccecsedecnrroccece B 39 68-—70°/1 - + + - 
OO RGD Slate adelaide Cc 55 (29-—30° . + + ~ 
DL PeTOWidino ...cccccscceesersecevers PF 64 (74-—75°) + + + - om 
12 X = -NH-CHyCH,yNH- ...... D 53 (42-—43") t + + oe a 


13 1 : 4-Lis(trichlorometh ylthio) - 
DIDOTRMENS  ccccrenveccgscosonccs gE 89 (164-—165°) . 
* F, Fusarium graminaerum, P, Pythium ultimum. B, Botrytis allii. S, Saccharomyces cerevisiae 
41, Aspergillus niger, -+- = Inhibition of growth at 400 yg./ml. None of the compounds was active 
at 80 pg./ml 


Found (%): Required (%) : 

No ( H s Cl OorN Formula € H s Cl OorN 
i - 176 687 —  C,H,OSCI, te a 1 RR iT es 
S$ 85 86 | ee 82 €,H,0SClL 228 33 63 — 11 
3. 227 95 162 Bil a 228 33 163 G12 - 

4 276 44 166 475 C,H,OSCL 268 40 I42 478 

5 - M3 473 Y ‘ st — Me 28) = 

6 233 287 me 6. CH,OSClL 232 24 164 513 a" 

7 30 1 186 , 73 C,H,OSCl 06 698 0—(C«idiS 6-8 
8 26 36 184 129 C.H.O.SCL 26 40 128 — 128 
9 7) 87 At om —  C,H,NSCI 73 #36 #66 —- = 

10 137 450 4 «=666 ©6C,H,NSCL, = — — 196 450 60 
12 13-5 19 18-2 . 78 C,H,N,S,Cl, 13-3 1-7 TY igi 1-8 
13 18-8 : 75 C,H,NSCl — ' 1? 13 


(D) To ethylenediamine (6 g.) and sodium carbonate (5 g.) in water (100 ml.) at 0° trichloro- 
methanesulpheny! chloride (3 g.) in ether (50 ml.) was added with stirring. 

(£) Trichloromethanesulphenyl chloride (10 ml.) was added dropwise to a mixture of 
piperazine hexahydrate (8 g.), 2n-sodium hydroxide (100 ml.), and ether (100 ml.) at <15°. 

(/) To p-toluidine (10-8 g.) and pyridine (10 ml.) in ether (100 ml.) at 0—5° was added with 
stirring trichloromethanesulphenyl chloride (11 ml.) in ether (50 ml.). 

3: 3: 6: 6-Tetrachloro-2 : 3; 6: 6-tetrahydro-2 : 5-di-p-tolyl-1 : 4-dithia-2 : 5-diazine,—Crade 
trichloro-S-p-toluidinomethanethiol (12-8 g.) was dissolved in ether (300 ml.), and potassium 
hydroxide (8 g.) in dry ethanol (75 ml.) was added during 4 hr. with cooling and stirring. Water 
(150 ml.) was then added and the solid product collected. Evaporation of the ethereal layer 
of the filtrate gave more of the same material. Recrystallization from ethanol-methylene 
chloride gave a product (9 g.), m. p. 142° (decomp.) (cf. Connolly and Dyson *), 
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3:3: 6: 6-Tetrachloro-2: 3:6: 6-tetrahydro-2: 5-di-m-tolyl-1 ; 4-dithia-2 ; 5-diazine—m- 
Toluidine (12 g.), sodium carbonate (8 g.), trichloromethanesulpheny! chloride (10-8 ml.), and 
ether (200 ml.) were refluxed for lhr. The product was precipitated as an oil and its solution in 
ether was used, without further treatment, as described in the preceding paragraph. R 
ation from ethanol or methylene chloride gave the product, m. p. 106° (Found: C, 441; H, 3-4; 
N, 6-2; S, 14-7; Cl, 32-3, CygH,N,S,Cl, requires C, 43-8; H, 3-2; N, 6-4; S, 14-6; Cl, 32:3%). 

The o-tolyl isomer, similarly prepared, had m. p, 111-—-112° (Found ; S, 14-4; Cl, 32-6%),. 

The author thanks the directors of ICIANZ for permission to publish this work and the staff 
of the I.C.1. Hawthorndale laboratory for the biological testing. 

CENTRAL RESEARCH DEPARTMENT, 


IMPERIAL CHEMICAL INDUSTRIES OF AUSTRALIA AND New ZeaLanp Limitep, 
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605. The Aloins. Part I. The Structure of Barbaloin. 
By J. Everyn Hay and L. J. Haynes. 
Evidence is presented supporting the formulation of barbaloin as (1). 


BARBALOIN, Cy, H,,0,, is a lemon-yellow crystalline constituent of the inspissated juices 
(aloes) of certain species of the aloe plant, particularly Cape aloes obtained from A. ferox 
Mill and A. perryi Baker growing in South and East Africa, and Curacao aloes obtained 
from A. vera Linn, (A. vulgaris Lam.) growing in the West Indies. The proportion of 
barbaloin in the different species varies from 9°%, in Cape aloes to 25%, in Curagao aloes. 
The aloes, a dark-brown resin, is extracted with hot water, and insoluble calcium salts are 
precipitated with lime-water and ammonia. These are collected and treated with strong 
hydrochloric acid to give a yellow powder known commercially as aloin, a constituent of 
many purgative medicines. Barbaloin, the major component, is obtained by careful re- 
crystallisation of this aloin. Barbaloin was first isolated ! over a hundred years ago and 
has been closely studied in attempts to determine its constitution. 


Recent papers by Miihlemann * and Birch and Donovan * concerning the constitution 
of barbaloin prompt us to report some work which supports Mihlemann’s formulation of 
this —ygry" as (I). 


Oo OH 


(lV) 


In a study of the formation of hydroxyanthraquinone and hydroxyanthrone glycosides, 
Miihlemann has shown that the reaction of aloe-emodin anthrone (II) (obtained by the 
action of aqueous sodium borate at 100° on barbaloin *) with tetra-acetyl-a-p-glucopyranosy] 
bromide in aqueous acetone in the presence of sodium hydroxide gives a tetra-acetyl- 
barbaloin which on deacetylation gives barbaloin. (The paper gives the quantity of 

' T. and H. Smith, Chem. Gaz., 1851, 107. 

* Mihlemann, Pharm. Acta Helv., 1952, 27, 17. 


* Birch and Donovan, Austral. J], Chem., 1055, 8, 523 
* Hauser, Pharm. Acta Helv., 1931, 6, 79. 
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sodium hydroxide as 0-1 mol., but this is probably a misprint for 1 mol.) This synthesis 
has been repeated by Béhme and Bertram,’ who have advanced further evidence as to 
the identity of the natural and the synthetic product. It would be expected that the 
product from such a reaction would be a glycoside derived either from a phenolic hydroxy], 
the aliphatic hydroxyl, or the anthranol hydroxyl group, the (amended) conditions involved 
being exactly those used by Gardner and McDonnell * for the preparation of anthranol 
D-glucoside. However, Mithlemann considered that his deacetylated product had the 
structure (1) 

rhe chief evidence for this was the behaviour of the product on acetylation and the 
fact that it could not be hydrolysed with acid under the usual laboratory conditions. 
Acetylation of barbaloin with acetic anhydride in the presence of zinc chloride according 
to the method of Zinn and Gerecs 7 gave a hepta-acetate, m. p. 129°, which was colourless 
and did not fluoresce in solution and was therefore considered by Miihlemann to be an 
anthrone derivative. Acetylation of the synthetic tetra-acetate by Zinn and Gerecs’s 
method also gave the hepta-acetate, m. p. 129°, but acetylation with acetic anhydride and 
pyridine gave an amorphous yellow powder which could not be crystallised. In one 
experiment, Mihlemann obtained a second crystalline hepta-acetate, m. p. 202-204", by 
this method of acetylation, but the preparation could not be repeated. Since the product 
was yellow and showed a blue fluorescence in solution, it was considered to be an anthranol 
derivative. When the hepta-acetate, m. p. 129°, was further acetylated with acetic 
anhydride and pyridine, a yellow amorphous solid was obtained, Chromatography of this 
gave an amorphous product which was considered, from the analytical results, to be an 
octa-acetate contaminated with some hepta-acetate. 

Lirch and Donovan 4 recently studied the acetylation of barbaloin and were unable to 
detect the formation of an octa-acetate. From a consideration of the ultraviolet spectrum 
of barbaloin, its hepta-acetate (m. p. 129°), and its heptamethyl ether and various 2 : 2’- 
disubstituted benzophenones, they concluded that barbaloin contained an aloe-emodin 
anthrone nucleus, Since aloe-emodin anthrone readily formed a tetra-acetate in which 
the anthrone nucleus had been converted into an anthranol, and barbaloin formed only a 
hepta-acetate whose absorption spectrum suggested that the anthrone nucleus remained, 
it was concluded that the anthrone residue in barbaloin could not enolise, that is, that it 
was disubstituted at Cay. Since barbaloin is a C,, compound, and is known to be degraded 
to D-arabinose,® it was suggested that these substituents could be represented as C, and C, 
groups, the C, group giving rise to the D-arabinose. 

A more direct demonstration of the anthrone nucleus in barbaloin is obtained from a 

tudy of its infrared spectrum (see Table). Flett ® has shown that anthrone has a single 


C=O frequency C=O frequency 
Compound (em.~*) Compound (cm.~+) 
Anthrone * , ‘ 1654 Anthraquinone’ ........ ; -» 1676 
1: &-Dihydroxyanthrone ..,... 1636 Aloe-emodin (III). ; . 1674, 1626 
Aloe-emodin anthrone (II) ... 1631 1 ; 8-Dihydroxyanthraquinone*.,, 1675, 1622 
Barbaloin (1) - 1630 Rhein dimethyl ether (1V) .......... 1726, 1672, 1649 
Barbaloin methyl ether eeee 1680 


band in the carbonyl stretching-frequency region at 1654 cm.'; this band is displaced to 


1633 cm. ! in |-hydroxyanthrone because of the strong hydrogen bonding between the 
carbonyl! group and the neighbouring hydroxyl group. A similar effect is observed with 
| : 8-dihydroxyanthrone (dithranol) and aloe-emodin anthrone whose spectra show bands 
at 1636 and 1631 cm."' respectively. (This observation confirms Gardner and McDonnell's 


formulation of aloe-emodin anthrone as the 9-anthrone rather than the 10-anthrone.) 


®* 6hme and Bertram, Arch. Pharm., 1955, 288, 510. 

* Gardner and McDonnell, /. Amer, Chem. Soc., 1037, 69, 857, 

” Zinn and Gerecs, “ Beitrage zur Kenntnis von Kapaloe und Kapaloin,”’ Diss., Eidgenoss. Techn 
Hochschule, Zirich, 1945, quoted in ref. 2 

* Léger, Ann, Chim, (France), 1916, 6, 318; 1917, 8, 265; cf. Oesterle, Arch. Pharm., 1899, 287, 811 

* Tlett, /., 1048, 1441 

© Gardner and McDonnell, /. Amer. Chem. Soc., 1934, §6, 1346; see also Gardner and Naylor, i/id_, 
1031, 68, 4114, and ref. 11 


(1956) The Aloins. Part I. 3143 


Barbaloin shows a single band in this region of the spectrum at 1630 cm.". The fact that 
only a single ban | is shown in this region of the spectrum also disposes of earlier suggestions 
that barbaloin is an anthraquinone derivative ; as would be expected from Flett’s observ- 
ations, the spectrum of aloe-emodin (III) shows two bands in the carbonyl stretching- 
frequency region, one at 1674 cm.~! due to the unassociated carbonyl group, the other at 
1626 cm.~! due to the hydrogen-bonded carbonyl group; if barbaloin were an anthra- 
quinone derivative, it would similarly be expected to show two bands in this region of its 
spectrum. 

The infrared spectrum of rhein dimethy! ether (IV), which is produced by permanganate 
oxidation of barbaloin methyl ether,“ shows bands in the carbonyl stretching-frequency 
region at 1726, 1672, and 1649 cm.~?. Of these, the first may presumably be assigned to 
the carboxyl-carbonyl group and the second to the unassociated carbonyl group of the 
anthraquinone nucleus. The third band must then be assigned to the carbonyl group 
with the neighbouring methoxyl groups: this is somewhat surprising since Flett’s results 
with other methoxyanthraquinones would lead one to predict that this band should be 
between 1680 and 1670 cm."'. It is possible that the position of this band is affected by 
the carboxyl group in the para-position to the carbony! group. There can be little doubt 
of the correctness of the formulation of the compound in view of its rigid identification by 
Cahn and Simonsen ™ and the fact that analysis shows the presence of two methoxyl 
groups. 

Barbaloin heptamethyl ether ™ shows an infrared band at 1680 cm.~! attributable to a 
carbony! group, and Cahn and Simonsen have shown that it forms a dinitrophenylhydrazone, 
Hence of the nine oxygen atoms present in barbaloin, seven are present in hydroxyl groups 
and one in a carbonyl group. If this is so, then barbaloin cannot be a glycoside, since this 
would involve the presence of two ether-oxygen atoms. 

Periodate oxidation of barbaloin at 0°, under conditions in which aloe-emodin anthrone 
is unaffected by the reagents involved, results in a rapid uptake of two mols, of oxidant 
with the formation of formic acid, no further oxidant being consumed during 24 hours. 
This shows the presence of a -CH(OH)*CH(OH)-CH(OH)-~ system and confirms that the 
glucose residue is present in the pyranose ring form. This being so, then all the oxygen is 
accounted for and the glucose residue cannot be associated with any of the hydroxy! groups 
in the anthrone nucleus. The only likely remaining position for attachment of the glucose 
residue is Cy») of the anthrone nucleus. 

Barbaloin, although an anthrone derivative, does not give the colour reactions ™ given 
by an anthrone with a free >CH, group; moreover, no intermediate oxidation product 
corresponding to the oxidation of the anthrone to the anthraquinone residue has ever been 
described. We have found that oxidation of barbaloin with limited amounts of ferric 
chloride gives merely aloe-emodin and unchanged barbaloin. These observations also 
argue for the attachment of the glucose residue to C,,,) in the anthrone nucleus, 

Early in our work, it became clear that the degradation of barbaloin to aloe-emodin 
and p-arabinose by treatment with acid for several months, as described by Léger,® was 
not a hydrolysis but an atmospheric oxidation. Oxidation of barbaloin with aqueous 
ferric chloride was shown by Cahn and Simonsen ™ to give aloe-emodin in good yield. 
By removal of inorganic material from the mother-liquors of this reaction by an ion-exchange 
technique, we have been able to isolate a second product, D-arabinose, which we have identi- 
fied by melting point, mixed melting point, rotation, paper chromatography, and the 
preparation of the diphenylhydrazone (mixed m. p.). This reinforces Léger’s identification 
of the products obtained by prolonged acid treatment of barbaloin. In view of Mihlemann’s 
demonstration of the formation of barbaloin from a glucose derivative, and hence the virtual 
certainty that barbaloin contains a glucopyranosy! residue (see below), this degradation is 
of considerable interest, and we are at present engaged in an examination of it. Mihle- 
mann's synthetic product examined under these conditions also gives arabinose (identified 
by paper chromatography) as the sole sugar-like material. Anthranol p-glucoside * gives 
only p-glucose under these conditions. 


1 Cahn and Simonsen, J., 1932, 2673, 
'® Kariyone, J]. Pharm. Soc. Japan, 1964, 74, 234; Kosenthaler, Pharm, Acta Helv., 1931, 6, 116 
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An unusual feature in this structure for barbaloin lies in the way in which the glucose 
residue is attached to the anthrone residue by a direct carbon-carbon linkage instead of a 
glycosidic carbon-oxygen-carbon linkage. Smith and van Cleve * recently described a 
method for the determination of the ring size of glycosides in which the glycoside is oxidised 
with periodate and the resulting dialdehyde is reduced with sodium borohydride to com- 
pounds of the types (V) and (VI). These compounds are acetals and are readily hydrolysed 


OR 
I 


CH 
| | 
CH,OH 

° 
CHyOH | 
CH, 


CH,‘OH 


by dilute acid to give, among other products, ethylene glycol and glycerol respectively. 
These products can be related to the ring system present in the original glycoside. This 
method has been modified to a convenient micromethod for the determination of the ring 
size of glycosylamines (‘‘ nitrogen glycosides "’) by Viscontini, Hoch, and Karrer.* We 
have found that the method of Viscontini e al, gives very good results with methyl a-p- 
glucopyranoside (glycerol), adenosine (glycerol), sucrose (glycerol), and methyl §-p-xylo- 
pyranoside (ethylene glycol). (Sucrose gave two spots on the paper chromatogram when 
examined by this method, one due to glycerol, the other presumably to dihydroxyacetone.) 
Now, since barbaloin is not a glycoside, the dialeohol produced by reduction of the dialdehyde 
would be an ether and not an acetal, and so should not be degraded by acid to either 
ethylene or glycerol: in fact, neither ethylene glycol nor glycerol could be detected after 
treatment of barbaloin by this method. However, glycerol was detected after treatment 
of borohydride-reduced periodate-oxidised barbaloin with ferric chloride. This, taken 
with the results from the direct periodate oxidation, provides an independent confirmation 
of the presence of a hexopyranose residue. 

In our early work on barbaloin, we found that the ultraviolet absorption spectra of 
barbaloin methyl ether in ethanol and ethanolic sodium ethoxide are virtually identical : 
since we considered that an anthrone or mono-10-substituted anthrone would be converted 
under these conditions into the salt of the corresponding anthranol with a considerable 
change in the absorption spectrum, it seemed that the anthrone nucleus in barbaloin must 
be disubstituted at Cag. Re-examination of this shows that the spectrum of barbaloin 
methy! ether in ethanolic sodium ethoxide in fact undergoes a slow change. The enolis- 
ation of the anthrone residue must involve the shift of the glucosyl residue into the plane 
of the anthranol residue and it is probable that this slows the rate of enolisation. This 
would explain the difficulty of converting barbaloin into its octa-acetate. 

In the earlier work on barbaloin, difficulty in the interpretation of the experimental 
results lay in conflicting results of analytical and molecular-weight determinations. In 
1942, Owen and Simonsen ! reported that barbaloin methy! ether had a molecular weight 
of 521 as determined by X-ray crystallography, and showed that the analyses required a 
heptamethyl ether ¢ anh 70,(0Me ), (M, 518-6), implying a molecular formula for barbaloin 
itself of Cy, H,,O0,. Dr. C, Beevers (to whom we express our thanks) has confirmed 
Simonsen and Owen's value foe the molecular weight of barbaloin methyl ether, but in 
view of doubts that the formation of the methylated product may have involved some struc- 
tural change in the barbaloin molecule, it was desirable to have some data on barbaloin 
itself. 

A complete analysis by Mr. F. H. Oliver, of the Imperial College of Science and Tech- 
nology, London, of a sample of carefully purified barbaloin dried to constant weight 

Smith and van Cleve, J]. Amer, Chem. Soc., 1965, 77, 3091. 


4 Viscontini, Hoch, and Karrer, Helv. Chim. Acta, 1955, 38, 642. 
'* Owen and Simonsen, J. Amer. Chem. Soc,, 1942, 64, 2516. 
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in vacuo gave the figures: C, 60-2, 60-3; H, 5-5, 5-5; O, 34-7, 344%; the dried material 
readily absorbed moisture (l—2 mols.) in air. Barbaloin crystallises as long yellow crystal 
bundles, and an X-ray photograph of a crystal from one of these bundles showed a typical 
fibre-diagram. However, a few specimens were found, each less than 0-1 mm. wide, which 
appeared to be single crystals. X-Ray crystallography of one such crystal gave a probable 
value for the molecular weight of air-dried barbaloin of 449 412. Although these single 
crystals represent only a very small proportion of any sample of crystalline barbaloin, 
they are always present even in the most carefully purified samples and we consider that 
it is unlikely that they are not barbaloin. These analytical figures indicate a molecular 
formula for barbaloin of C,,H,,0, (Required : C, 60-3; H, 5:3: O, 344%. Cy, HygOy,H,O : 
M, 436). 

(Added, May 2nd, 1956.) Since this paper was submitted for publication, Owen '* has 
made a preliminary communication describing the hydrogenolysis of barbaloin to a deoxy- 
barbaloin in which the hydroxymethyl group of barbaloin has been converted into a 
methyl group, thus demonstrating that the sugar residue in barbaloin is not attached to 
the hydroxymethyl group of aloe-emodin anthrone. Periodate oxidation of this material, 
its dimethyl ether obtained by the action of diazomethane, and of barbaloin, results in the 
consumption of two mols. of oxidant with the formation of one mol. of formic acid but no 
formaldehyde. 


EXPZRIMENTAL 


Barbaloin._Commercial aloin (from Curacao aloes) (450 g.) was recrystallised twice from 
water (1-5 1.) and then several times from methanol Jarbaloin (200 g.) was thus obtained as 
lemon-yellow needles, m. p, 148-—148-5° [Found (arithmetic mean of five analyses): C, 57-5; 
H, 5-7; OMe, 0; loss over P,O, in vacuo at 100°, 5-1. Cale. for C,,Hy,O,,HyO; C, 57-5; H, 5-6; 
H,O, 4:1%]. The weight lost was recovered by anhydrous barbaloin in-air during 2 days 
(Found, in material dried to constant weight in vacuo immediately before analysis ; C, 60-2, 60-3; 
H, 5-5, 5-5; O, 34-7, 34-4. Cale, for C,,H,,O,: C, 60-3; H, 6-3; O, 344%) 

Moleculay-weight determination (by Dr. C. A, Beevers), The material showed as long yellow 
crystal bundles with striations parallel to the length, often breaking up into narrower fibres at 
the ends. An X-ray photograph (Cu-Ka radiation, 50 kv, 25 ma, 2 hours’ exposure) of one of 
these crystals showed a typical fibre diagram. A few specimens (less than 0-1 mm. wide) 
appeared to be single crystals under the polarising microscope and showed parallel extinction, 
One such single crystal (0-07 x 0-01 x 0-5 mm.; estimated wt. 0-5 ug.) was picked up by a fine 
glass fibre which had been slightly greased. It was orientated by microscope on a Weissenberg 
X-ray goniometer, and a series of 10° oscillation photographs (1 hr. each) was taken. These 
showed distinct spots on the first- and the second-layer lines, with a few spots on the zero- and 
the third-layer lines. Upper and lower layers were identical. The layer-line spacing corre- 
sponds to an axial dimension of 9-54 4 0-1 A, and this may be taken as the b axis. All the 
spots observed (approx. 22 in first- and second-layer lines) could be indexed on the basis of 
orthogonal axes of dimensions a = 21-1 + 0-3, ¢ = 203 403A. The b axis is perpendicular 
to the others, thus the cell is orthorhombic and has a volume of 4080 A*. Referred to the axes, 
the largest face on the crystal is (001), 

When some of the material was stirred in chloroform a few crystals sank although the majority 
floated. Thus a density of 1-48 g./c.c. was suggested, giving a value of 3590 for the molecular 
weight of the cell contents, On the assumption of 8 molecules per unit cell, this gives a value 
of the molecular weight of 449 +. 12. 

Insufficient spots were observed to enable the space-group to be determined. However, the 
general planes (4,4,/) seem all to be present, indicating the primitive lattice P, There seems to 
be a definite series of absences in the (4,0,/) planes when / is odd, For the (0,4,/) planes only 
the (008) was observed, For the (4,4,0) planes all reflexions were present. In the cases of 
the pinacoidal reflexions there are insufficient results to establish any definite absences. These 
findings leave a number of possible space-groups 

Reaction of Barbaloin with Aqueous Sodium Borate (cf. Hauser * and Rosenthaler ).-—An 
aqueous solution (100 ml.) of barbaloin (6 g.), sodium borate (10 g.), and phenylhydrazine 
hydrochloride (2 g.) was refluxed during 2 hr. in an atmosphere of nitrogen. The dark red 

1 Owen, Chem. and Ind., 1956, R 37. 

17 Rosenthaler, Pharm. Acta Helv., 1932, 7, 19 
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solution was acidified with dilute hydrochloric acid, and the precipitated yellow solid was 
extracted into ether (ca, 500 ml.), Evaporation of the washed and dried (Na,SO,) ether extract 
gave a reddish solid which on crystallisation from acetic acid (charcoal) gave aloe-emodin 
anthrone (1-5 g., 61%) as yellow needles, m. p. 199° (Cahn and Simonsen™ give m, p. 199°). 
Kepetition of the experiment without the phenylhydrazine hydrochloride gave only an 11% 
yield of the anthrone (m. p. 199°). When the phenylhydrazine hydrochloride was replaced by 
hydrazine, the yield of anthrone was 34%, but the product had m, p, 190-—-192° and could not 
readily be purified 

Attempted Acid Hydrolysis.--Barbaloin was heated at 100° with n-hydrochloric acid for 
2 lir. or with hydrobromic acid (38%) for 4 hr, Paper chromatography did not disclose sugar 
like materials 

Periodate Oxidation,-An aqueous solution of barbaloin (436 mg.) and 0-2m-sodium meta 
periodate (20 ml.) were mixed, the volume was made up te 100 ml. with distilled water, and the 
solution set aside at 0°, The yellow barbaloin solution immediately became red, Titration 
of aliquot parts showed that reaction was complete in 3 hr. (consumption, 2-1 mols. of periodate). 
In a second reaction, when the oxidation was complete the solution was steam-distilled : formic 
acid was detected in the distillate by its coleur reactions with chromotropic acid,“ 

Kteduction and Attempted Hydrolysis of the Periodate Oxidation Product (cf. Viscontini, Hoch, 
and Isarrer “),--Sodium metaperiodate (10 mmoles, 2 mg.) was added to a solution of barbaloin 
(6 mmoles, 2 mg.) in water (0-2 ml), and the whole was kept at 0° for 4 hr. Potassium boro- 
hydride (2 mg.) in water (0-1 ml.) was added and the yellow solution kept overnight at 0°. 
Sample ere hydrolysed at 100° (a) with n-hydrochloric acid (0-2 ml.) for 15 min., and (6) with 
38%, hydrobromic acid (0-2 ml.) for 15 min. and 1 hr, Adenosine, sucrose, methyl «-p-gluco 
pyranoside, and methyl §-p-xylopyranoside were also treated as above except that the solutions 
were kept at room temperature. Hydrolysis was effected with n-hydrochloric acid (0-2 ml.) at 
100° for 15 min, 

The hydrolysates were placed on a paper chromatogram, with spots of ethylene glycol and 
glycerol as markers, and allowed to run in ethyl acetate~pyridine-water (10:4; 3}. The air 
dried papers were sprayed with aqueous sodium metaperiodate (05%), set aside for 5 min., 
then sprayed with benzidine solution (0-5 g. in 20 ml. of acetic acid and 80 ml. of ethanol) 
(N..: avoid breathing the benzidine spray). Glycerol (PR, 0-42) and ethylene glycol (R, 0-51) 
yield white spots on a blue ground. Adenosine, sucrose, and methy! «-p-glucopyranoside gave 
the same white spot with ty 0-42, and methyl #-p-xylopyranoside one with Fy, 0-51. Sucrose 
gave a second white spot of Ry 0-23, possibly due to dihydroxyacetone. Barbaloin gave no 
white spot. However, a white spot with 2, 0-42, identifiable as glycerol, was given by barbaloin 
which had been treated as follows. 

jarbaloin was oxidised and reduced as described above. The aqueous solution was saturated 
with salt and extracted with pentyl alcohol, The residue, after removal of the alcohol, was 
refluxed with aqueous ferric chloride solution (20%) at 115° for 15 min. and 125° for6hr. The 
reaction mixture was filtered and the filtrate passed through a column of Amberlite resin IR-120 
(H) to remove ferrous ions, This solution was examined chromatographically as described 
above 

Kerric Chloride Oxidation (cf. Cahn and Simonsen "),-—A solution of barbaloin (10 g.) and 
ferric chloride (50 g.) in water (150 ml.) was heated under reflux at 115° for 15 min. and then at 
125° for 6 hr. A dark-brown solid separated from the hot solution, The solution was cooled 
and the solid collected, dried, and extracted (Soxhlet) into boiling toluene. Removal of the 
toluene yielded aloe-emodin (4 g., 64%) which on recrystallisation from ethanol gave reddish 
orange needles, m, p, 216-—-219° (Cahn and Simonsen give m. p. 218°; O6cesterle ® gives m. p. 
223 Sublimation of this material at 160-—170°/0-2 mm, gave orange needles, m. p. 224-226”. 

Che dark red filtrate obtained after collection of the solid aloe-emodin was extracted with 
pentyl aleohol (10 « 30 ml), The pale yellow aqueous solution was passed through columns 
of Amberlite resin IR-120 (H) until the eluate was free from ferrous ions. The colourless 
solution thus obtained was passed through columns of Amberlite resin 1R-4B (OH) until all 
chloride ions had been removed. The neutral solution was concentrated to a small volume 
A little ferric hydroxide separated and was removed and the solution was again passed through 
cation- and anion-exchange resins. The colourless solution was concentrated in vacuo to a pale 
yellow syrup which crystallised on treatment with ethanol. Recrystallisation from aqueous 


'* Feigl, Spot Tests,’ English translation by R. E. Oesper, Vol. II, Elsevier, Amsterdam, 1964, 
p. 246, 
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methanol gave p-arabinose (0-7 g.), m. p. and mixed m. p. 155-5—156-5°, [a)}? — 104° (c 0-42 in 
H,0) (lit., [a], —105°). The material was identical with authentic p-arabinose when examined 
by paper chromatography with two solvent systems and formed a diphenylhydrazone, m. p. 
197°, undepressed on admixture with an authentic specimen of m. p. 199°. 

Ferric Chloride Oxidation vf Synthetic Barbaloin.—-Tetra-acetylbarbaloin was synthesised by 
Miihlemann’s method, The product (500 mg.) was refluxed in dilute hydrochloric acid for 
0-5 hr. A solution of ferric chloride (2-5 g.) in water (5 ml.) was added and the oxidation carried 
out as above. The sugar isolated from the mother-liquors was identified as arabinose by paper 
chromatography. 

Barbaloin Heptamethyl Ether (cf. Cahn and Simonsen).—-Methyl iodide (147 g.) and silver 
oxide (64-8 g.) were gradually added during 8 hr. to a gently refluxing solution of dry barbaloin 
(14 g.) in dry acetone (315 ml.) under nitrogen. The mixture was cooled, the solid was collected, 
and the solvents were removed from the filtrate, leaving a dark red syrup (141 g.). This 
residue was methylated twice with dry acetone (45 ml.), methy! iodide (73 g.}), and silver oxide 
(32 g.). The resulting syrup (13-2 g.) was dissolved in benzene; no crystals separated, The 
syrup, dissolved in benzene, was run on to an alumina column and eluted with benzene, Evapor- 
ation of the solvent from the first fraction left a syrup which crystallised. Recrystallisation 
from ethanol gave barbaloin heptamethyl ether (1-5 g.), m. p. !80-—-182°, [aj!? ~—12-3° (¢ 1-46 
in CHCI,) {Cahn and Simonsen record m, p. 177-179", [a}549, — 12-05° (c 1-40 in CHCI,)} (Found ; 
C, 64-8; H, 6-95; OMe, 42-3. Calc. for C,,H,,0,(OMe),: C, 65-1; H, 70; OMe, 42-1%]. 

Molecular weight (by Dr. C. A. Beevers) (cf. Owen and Simonsen '*), A few crystals were 
available in the form of clear, almost square prisms of length 1 mm, and width about 0-2 mm., 
showing under the polarising microscope an extinction parallel to their length. The crystals 
gave excellent X-ray spots and an oscillation photograph and Weissenberg photographs of the 
zero- and the first-layer lines were obtained, the crystal being rotated about the prism axis. 
From these it appears that the crystal system is orthorhombic with axes a = 8-47 +4- 0-10 A; 
b = 17-35 4 0-05 A; ¢ = 18-28 +005 A. There are screw axes in the structure parallel to 
5b and c, the lattice being a primitive one, The cell volume is thus 2686 A*. The observed 
density is 1-28 g./c.c., giving a molecular weight for the cell contents of 2065, For four mole- 
cules per unit cell, this gives a molecular weight for barbaloin methyl ether of 516 10. The 
crystal used exhibits 011 planes to make up its prismatic shape parallel to the a axis, 


Permanganate oxidation (cf. Cahn and Simonsen) jarbaloin methyl ether (1 g.) was mixed 
to a paste with a little hot water, and 2.5% aqueous potassium permanganate (107 ml.) was 
The mixture was stirred and heated on the water-bath during 3 hr, 
Acidification, with dilute hydrochloric acid, of the orange solution obtained after removal of 


added during 45 min. 
manganese dioxide gave rhein dimethyl ether (250 mg., 41%), m. p. 287-—289° [Found ; OMe, 
22-3. Calc. for C,,H,O,(OMe), : OMe, 19-9%,) 
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606. Polypeptides, Part 11.* The Preparation of Some 
Protected Peptides of Cysteine and Glycine. 
By K. C. Hoover, H. N. Rypon, J. A. Scuoriep, and (in part) G. S. Heaton. 


Syntheses of L-cysteinyl-t-cysteine, the N-benzyloxycarbonyl benzyl 
esters of L-cysteinyl-p-cysteine, of L-cysteinyl-glycyl-, -diglycyl-, -triglycyl-, 
and -tetraglycyl-_-cysteine, and of some related compounds, are described. 


Tue five peptides of cysteine and glycine represented by the general formula (I; 1 - 
(4) were required for a study of their oxidation; the present paper is concerned with 
the synthesis of the fully protected compounds (II; n == 0—4, R = CH,Ph), this being 
the form in which the peptides were stored before use; in one case only, viz., L-cysteinyl-L- 
cysteine (1; m = 0), was the unstable free peptide prepared as such. 


was Mier x ge fee a gt 


HSH H,°SH H,S°CH,Ph H,’S°CH,Ph 
(1) 


* liere and elsewhere Cbzo Pl: CHyOCO 


When our work began the only known member of either series was L-cysteinyl-.- 
cysteine (1; = 0), which was prepared, as its hydrochloride, by Greenstein ? in 1937; 
since the completion of our work, however, Izumiya and Greenstein * have synthesised 
derivatives (IL; nm « 0, R = Et and H) of three of the four possible diastereoisomerides of 
cysteinyleysteine (1; m = 0). 

Belore embarking on a detailed description of our synthetic work it seems desirable to 
make some general comments. 5-Benzylcysteine * has been found preferable to cystine 
as a starting material, giving better yields of more easily crystallised products. We also 
chose to protect our final products as benzyl rather than ethyl esters, since the benzy! 
group can eventually be removed readily by treatment with sodium in liquid ammonia,° 
or with hydrogen bromide in acetic acid * or nitromethane,’ whereas removal of an ethy] 
group requires alkaline hydrolysis, always a dubious process with cysteine derivatives; the 
necessary S-benzylcysteine benzyl ester was at first prepared from the N-carboxy-anhydride 
and benzyl alcohol,* but in later work the simple and elegant azeotropic procedure of 
Cipera and Nicholls * was used. 

In the present work the most successful coupling procedures have been those of 
Curtius *!! and Boissonnas,™ each of which has its own advantages and disadvantages. 
The great advantage of the Curtius azide procedure is its avoidance of the dangerous alkal 
ine hydrolysis of intermediate ethyl esters, often inescapable in the Boissonnas procedure, 
since these are converted directly into the hydrazides and thence into the azides; fission of 
the S-benzyl linkage during hydrazide formation was negligible. The main disadvantage 
of the Curtius method is the tendency of certain azides to rearrange to the isocyanates, with 
resultant formation of substituted ureas instead of peptides; thus, coupling S-benzyl-N- 
benzyloxycarbonyl-L-cysteine azide (111) with glycine ester led to the unwanted urea (IV). 

We experienced considerable difficulty in applying the Boissonnas procedure in certain 
cases until the great instability of some of the intermediate mixed anhydrides, which has 


* Part I, Rydon and Smith, /., 1955, 2542. 


' Heaton, Rydon, and Schofield, following paper. 

* Greenstein, /. Biol. Chem., 1937, 118, 321 

* Izumiya and Greenstein, Arch. Biochem, Biophys., 1954, §2, 203. 

* Wood and Du Vigneaud, /. Biol. Chem., 1939, 180, 109. 

* Sifferd and Du Vigneaud, thid., 1935, 108, 753 

* Ben-Ishai and Berger, /. Org. Chem., 1952, 17, 15664; Ben-Ishai, idid., 1954, 19, 62. 
Albertson and McKay, { Amer. Chem. Soc., 1953, 76, 5323 

* Bergmann, Zervas and Ross, /. Biol, Chem., 1935, 111, 245. 

* Cipera and Nicholls, Chem. and Ind., 1955, 16. 
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not been sufficiently emphasised in the literatuie, was realised; thereafter, coupling was 
always put in hand immediately the mixed anhydride had been formed and no further 
difficulty was experienced. In certain cases the method of Wieland, Schafer, and 
Bokelmann," in which the intermediate anhydride is converted into the phenyl thiolester, 


Cbzo-NH:CH-CO-N, yr ab Cbzo-NH:CH-NH:CO-NH’CH, CO, Et 


——— 
H,-S°CH,Ph CH,S*CH,Ph 


CH,°S°CH,Ph 
(LV) 


III) 


was used; this method, excellent though it is in some cases, is not generally very suitable 
for the preparation of peptides of S-benzylcysteine owing to their tendency to decompose 
under the influence of the alkali present in the reaction mixture. 

In a few instances Goldschmidt and Lautenschlager’s phosphorazo-method ™ was 
used; the method gave easily crystallised products, but the yields were only moderate. In 
the early stages of our work the classical acid chloride procedure,’ !* used in Greenstein's 
early work,* was found to be of little value. Attempts to use Cook and Levy's 
thiothiazolidone method !7 to add glycine residues to S-benzyleysteine were completely 
unsuccessful, while the polymerisation 48 of S-benzyleysteine N-carboxy-anhydride proved 
insufficiently controllable to be of value for the synthesis of S-benzyleysteinyl-S-benzyl- 
cysteine. 

S-Benzyl-N-benzyloxycarbonyl-L-cysteinyl-S-benzyl-L-cysteine benzyl ester (II; m = 0, 
R == CH,Ph) was prepared both by coupling S-benzyl-N-benzyloxycarbonyl-L-cysteine 
azide (I11) with S-benzyl-L-cysteine benzyl ester, and by the Boissonnas procedure from 
S-benzyl-N-benzyloxycarbonyl-L-cysteine (VI; RK = OH) and S-benzyl-L-cysteine benzyl 
ester; the former procedure gave the better yield and was also employed for the preparation 
of the diastereoisomeride, S-benzyl-N-benzyloxycarbonyl-L-cysteinyl-S-benzyl-D-cysteine 
benzyl ester. Treatment of the Li-benzyl ester (Il; = 0, R = CH,Ph) with hydrogen 
bromide in warm acetic acid ® afforded S-benzyl-L-cysteinyl-S-benzyl-L-cysteine, while 

fission with sodium in liquid ammonia gave the unstable 
paths ta ost 8 rs L-cysteinyl-L-cysteine (1; m= 0). The protected Li-ethyl 

ester (II; m = 0, R = Et) was likewise prepared by both the 
azide and the Boissonnas procedure, the former again proving 
the more satisfactory in our hands; the unesterified LL-peptide 
(Il; = 0, R = H) was also prepared, both by the original 
Boissonnas procedure !* and by its pheny! thiolester modific- 
H, ation.™ Finally in this series we prepared NN’-dibenzyloxy- 
carbonyl-L-cystinylbis-(S-benzyl-L-cysteine) (V) by coupling 
NN’-dibenzyloxycarbony|-L-cystine with S-benzyl-L-cysteine 
by the original procedure of Wieland, Kern, and Sehring,!” which employs the mixed 
anhydride of the first-named component with benzoic acid. 

The route employed for the synthesis of the protected tri-, tetra-, and penta-peptides 
(Il; m == 1—3) is outlined in the annexed scheme. In the tripeptide series, Boissonnas 
condensation of the mixed anhydride (VI; R =< O-CO,Et), from S-benzyl-N-benzyloxy- 
carbonyl-L-cysteine (VI; R = OH) and ethyl chloroformate, with glycine ethyl ester 
yielded the ester (VII; = 0); as already mentioned, an attempt to prepare this ester by 
the appropriate azide coupling failed owing to urea formation. The ester (VII; m = 0) 
was converted, through the hydrazide (VIII; » = 0, R NH-NH,), into the azide (VIII; 
n == 0, R = N,) which was then coupled with S-benzy!-_-cysteine benzyl ester to give the 
required product (II; m = 1, R = CH,Ph) in almost theoretical yield; the corresponding 
ethyl ester (11; m = 1, R = Et) was prepared similarly, using S-benzyl-1-cysteine ethyl 
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Chao-NH-CH-CO-NHCH-CO,M 


4 Wieland, Schdfer, and Bokelmann, Annalen, 1951, 673, 99 
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* Bailey, /., 1950, 3461 

*” Wieland, Kern, and Sehring, Annalen, 1950, 569, 117 
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ester. The unesterified tripeptide (II; m = 1, R =H) was prepared by a different 
procedure: condensation of S-benzyl-N-benzyloxycarbonyl-L-cysteine phenyl thiolester 
(VI; R = SPh) with glycine afforded the peptide (VIII; » = 0, R = OH); this, in its 
turn, was converted into its phenyl thiolester (VIII; n = 0, R = SPh) which was coupled 


pms i BR eng 20 elena 


> 
(VI) CHyS*CH,Ph HyS‘CH,Ph (VII) 


(1) <«_— er 
H,‘S‘CH,Ph (VIII) 


with S-benzyl-L-cysteine to give the desired product, but only in poor yield. An altern- 
ative route to the acid (II; m = 1, R = H) was also explored; condensation of N-benzyl- 
oxycarbonylglycine phenyl thiolester with S-benzyl-L-cysteine yielded the peptide (1X; 
RK = H); the benzyloxycarbonyl group was removed by the method of Albertson and 
McKay,’ but condensation of the product with S-benzyl-N-benzyloxycarbonyl-L-cysteine 
phenyl! thiolester (VI; R = SPh) gave only a small amount of an uncrystallisable oil; in 
view of this disappointing result, the condensations of the last-mentioned compound with 
the ethyl and benzyl esters (IX; R = Et and CH,Ph), which had been prepared for this 
purpose, were not investigated. 

In the tetrapeptide series, the intermediate ester (VII; m = 1) was prepared in three 
ways from glycylglycine ethyl ester and a suitable derivative of S-benzyl-N-benzyloxy- 
carbonyl-L-cysteine; the best yield was obtained by using the Boissonnas procedure with 
the mixed anhydride (VI; R = O-CO,Et), but this was only a little better than that 
obtained by means of the azide (VI; RK = N,); the phosphorazo-method, applied to the 
free acid (VI; R = OH), was rather less successful. The carboxylic acid corresponding 
to (VII; m = 1) was also prepared, by condensation of the phenyl thiolester (VI; R = 


SPh) with glycylglycine, but was not used further in the present investigation. The ester 
(VIL; m = 1) was finally converted into the azide (VIII; m = 1, R = N,) which was then 
coupled, in very satisfactory yield, with S-benzyl-1-cysteine benzyl ester to give the 
required ester (II; » = 2, R = CH,Ph). 
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(IX) HyS-CH,Ph (x) H,S*CH,Ph 

The most satisfactory method for the preparation of the intermediate (VII; m = 2) 
required for the synthesis of the protected pentapeptide (II; m — 2, R = CH,Ph) was 
by the Boissonnas procedure from S-benzyl-N-benzyloxycarbony!-L-cysteine (VI; R = OH) 
and diglycylglycine ethyl ester, the azide route in this case giving a considerably poorer 
yield; as before, the ester (VIL; m = 2) was converted into the azide (VIII; mn = 2, 
RK = N,) which was then condensed, although in only moderate yield, with S-benzyl-1- 
cysteine benzyl ester to give the fully protected pentapeptide (I1; m = 3, R = CH,Ph). 

A different approach was used in the synthesis of the protected hexapeptide (Il; m = 4, 
KR = CH,Ph). N-Benzyloxycarbonyldiglycyl-S-benzyl-i-cysteine benzyl ester (X; R : 
O-CH,Ph) was prepared, in moderate yield, by the phosphorazo-method ™ from S-benzyl- 
L-cysteine benzyl ester and N-benzyloxycarbonylglycyl-glycine * and, in poor yield, from the 
first-named intermediate and the azide of the second. The N-benzyloxycarbonyl group 
was then removed by treatment with hydrogen bromide in acetic acid,* and the product 
coupled with the azide (VIII; m = 1, R = Ng) to give the required product. The free acid 
(X; KR = OH) was prepared, in good yield, by condensing N-benzyloxycarbonylglycy]- 
glycine phenyl thiolester with S-benzyl-L-cysteine for an alternative projected synthesis of 
the benzyl ester (I1; m «= 4, R « CH,Ph) which was, however, not pursued owing to the 
achievement of our objective by the method already described. 


* Here and elsewhere hyphens are inserted into names where it is believed that it will help to 
elucidate the positions of substituents. 
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We record also the preparation of the ethyl and benzyl esters of S-benzyl-N-benzyloxy- 
carbonyl-L-cysteinyl-tetraglycylglycine. 


EXPERIMENTAL 
Solutions were dried over sodium sulphate. 


Derivatives of S-Benzyleysteine. 

S-Benzyl-L-cysteine, m. p. 214°, was prepared in an average yield of 92% by the method of 
Wood and Du Vigneaud * and converted into the ethyl ester hydrochloride, m. p. 155°, [a)},, 
— 25-4° (c 2-27 in H,O) (84% yield), by the method of Harington and Pitt-Rivers ™ and into the 
N-benzyloxycarbonyl] derivative, m. p. 98° (60—85%, yield), by the method of Harington and 
Mead.” 

Racemisation of S-benzyl-L-cysteine (50 g.) by the procedure of Wood and Du Vigneaud ¢ 
afforded, not S-benzyl-pi-cysteine, but acetyl-S-benzyl-pL-cysteine ™ (35 g., 60%), m. p. 155° 
(from acetone) (Found: N, 5-8. C,,H,,O,NS requires N, 5-5°); Stekol™ obtained this 
compound but, despite the discrepant m. p., regarded it as S-benzyl-pi-cysteine and used it as 
such in his biological experiments. Hydrolysis of the compound (30 g.) by 3 hours’ refluxing 
with 20% hydrochloric acid (300 ml.) afforded S-benzyl-pL-cysteine (27-2 g., 92%), m. p. 213° 
(Wood and Du Vigneaud * give m. p. 213—215°). Resolution, by Wood and Du Vigneaud’s 
method,‘ afforded S-benzyl-p-cysteine, m. p. 216°, (a)? + 21-0° (¢ 1-00 in n-NaOH). 

S-Benzyl-N-benzyloxycarbonyl-L-cysteine ethy! ester, m. p. 50°, was prepared in 73% yield 
by the method of Harington and Pitt-Rivers " and also by azeotropic distillation of S-benzyl-N- 
benzyloxycarbonyl-L-cysteine (10-4 g.) in benzene (60 ml.) and ethanol (10 ml.) in the presence 
of a few drops of sulphuric acid; evaporation and trituration of the residue with light petroleum 
(b. p. 40-—60°) afforded the ester (9-9 g., 89%), m. p. 50°. The hydrazide, m, p. 135°, was 
prepared from this ester in 91% yield by the method of Harington and Pitt-Rivers ™ and also, 
more conveniently, in 79% yield directly from S-benzyl-N-benzyloxycarbonyl-L-cysteine by the 
procedure of Hegediis.*4 

S-Benzyl-L-cysteine N-Carboxy-anhydride.—Carbony| chloride was passed into a stirred 
suspension, at 70°, of S-benzyl-.-cysteine (1-5 g.) in dry dioxan (50 ml). Fifteen minutes after 
dissolution was complete the passage of carbonyl chloride was discontinued and the excess 
removed by means of dry nitrogen. Evaporation at <40° in nitrogen, followed by recrystallis- 
ation from ether, afforded the anhydride (1-6 g., 95%), m. p. 104° (Found: C, 65-3; H, 4-9; 
S, 13-9. C©,,H,,O,NS requires C, 55-8; H, 4-65; S, 13-56%). 

S-Benzyl-L-cysteine Benzyl Ester (with G. S. Heaton).—-(a) The crude N-carboxy-anhydride 
from S-benzyl-L-cysteine (24 g.) in benzyl alcohol (120 ml.) was treated with a solution of 
hydrogen chloride (5 g.) in benzyl alcohol (50 ml.). After being warmed to 60° until gas 
evolution ceased, the mixture was kept overnight, concentrated under reduced pressure, and 
treated with ether. Recrystallisation from ethanol—ether afforded the ester hydrochloride (33 g., 
86%,), m. p. 134° (Found : C, 60-2; H, 6-2. C,,H,,O,NSCI requires C, 60-4; H, 5-9%). 

(b) S-Benzyl-.-cysteine (10 g.) was refluxed overnight with benzene (200 ml.), benzyl alcohol 
(30 ml.), and toluene-p-sulphonic acid monohydrate (9-75 g.) in a Dean and Stark apparatus. 
Addition of light petroleum (b. p, 40—60°; 200 ml.) and recrystallisation of the precipitate from 
ethanol gave the ester toluene-p-sulphonate (20-8 g., 93°%,), m. p. 159° (Found: C, 61-0; H, 5-8; 
N, 3-0. CyyH,,O,NS, requires C, 60-9; H, 5-7; N, 3-0%) 

S-Benzyl-p-cysteine Benzyl Ester Hydrochloride,This salt, m. p. 126°, (a) +-20-0° (¢ 1-00 in 
H,O) (Found: C, 60-6; H, 6-3, C,,HO,NSCI requires C, 60-4; H, 59%), was prepared, in 
92%, overall yield, from S-benzyl-p-cysteine through the N-carboxy-anhydride, m. p. 104°, as 
described for the L-compound., 


Synthesis of Cysteinyleysteine and its Derivatives. 
S-Benzyl-N -benzyloxycarbonyl-.-cysteinyl-S-benzyl-L-cysteine Benayl Ester (11; n = 0, KR =m 
CH,Ph) (with G. S. Heraton),—(a) S-Benzyl-N-benzyloxycarbonyl-t-cysteine hydrazide 
(1-8 g.), in 50% acetic acid (50 ml.) containing 2n-bydrochloric acid (5 ml.), was cooled and 


*” Harington and Mead, re & 1936, 30, 1598. 
*! Stekol, /. Biol. Chem., 1946, 164, 651. 

32 Du Vigneaud, Wood, and Irish, tbid., 1949, 179, 529 
*% Hegedts, Helv. Chim. Acta, 1948, 31, 737. 
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treated dropwise, with stirring, with a solution of sodium nitrite (0-35 g.) in water (6 mL). The 
insoluble azide was extracted with ether and dried for a short time. 

A suspension of S-benzyl-L-cysteine benzyl ester hydrochloride (1-7 g.), or toluene-p- 
sulphonate (2-3 g.), in ether (26 ml.) was shaken with triethylamine (0-7 ml.) and water (10 ml.) 
until the free ester had passed into the ether layer, which was then separated and dried. 

The filtered ethereal solutions were mixed and kept at 0° overnight. Kecrystallisation of 
the precipitate from benzene-light petroleum (b, p. 60-——80°) yielded the ester (2-5-—2-8 g., 80— 
wY,), m. p. 120—130°, (a)?! —45-0° (c 1-00 in acetone) (Found: C, 66-7; H,60. C,,H,,O,N,S, 
requires C, 66-6; H, 5°76%). 

(b) S-Benzyl-N-benzyloxycarbonyl-L-cysteine (10-35 g.) was dissolved in chloroform (40 ml.) 
containing triethylamine (3-26 g.) and cooled to 0°; ethyl chloroformate (3-0 ml.) was added and 
the mixture kept at 0° for 10 min. An ice-cold solution of S-benzyl-_-cysteine benzyl ester 
hydrochloride (10-13 g.) in chloroform (40 ml.) containing triethylamine (3-03 g.) was then added 
and the mixture kept at 0° for 10 min. and then at 60° for 45 min, The mixture was evaporated 
under reduced pressure and the residue taken up in ether and washed successively with water, 
potassium hydrogen carbonate solution, 2n-hydrochloric acid, and water. Evaporation of the 
dried extract and recrystallisation from ether gave the ester (10-4 g., 57%), m. p. 127° (Found : 
N, 4:4. CygHygOgNg5,q requires N, 45%). 

S-Benzyl-N -bensyloxycarbonyl-.-cysteinyl-S-benzyl-D-cysteine benzyl ester, m. p. 128—129°, 
[a}?* + 2-6° (c 1-00 in acetone) (Found: C, 66-7; H, 6-0%), was prepared similarly (procedure a), 
in 81%, yield, from S-benzyl-N-benzyloxycarbony|-L_-cysteine hydrazide and S-benzyl-p-cysteine 
benzy| ester hydrochloride and recrystallised from acetone~ether. 

S-Benzyl-_-cysteinyl-S-benzyl-L-cysteine (with G, 5, Heaton),.—-S-Benzyl-N-benzyloxycarb- 
onyl-L-cysteinyl-S-benzyl-L-cysteine benzyl] ester (1-0 g.), in acetic acid (10 ml.) saturated with 
hydrogen bromide, was kept at 60° for 1 hr. The product was poured into anhydrous ether (50 
ml.) ; an equal volume of light petroleum (b. p. 40-—-60°) was added and the precipitated hydro- 
bromide filtered off and washed with 1: Lether-light petroleum. Addition of pyridine to a warm 
solution in aqueous dioxan liberated the peptide, which crystallised (0-4 g., 62%) on cooling and 
had m, p. 170-171", (a) —18-0° (c 0-81 in acetic acid) (Found ; C, 59-5; H, 5-8; N,7-0. Cale. 
for CygH,OgN,5,: C, 59-4; H, 5-9; N, 60%) (Izumiya and Greenstein * give m, p. 170-—172°). 

In another experiment the crude hydrobromide was dissolved in ethanol (20 ml.), and water 
added to the boiling solution to turbidity. Addition of excess of pyridine precipitated a solid 
which was collected after cooling and recrystallised from aqueous ethanol and proved to be 
3: 6-di(bensylthiomethyl)-2 ; 5-dioxopiperazine (0-39 g., 61%), needles m. p. 174——-175°, [a|? 

59-5” (c 2-62 in acetic acid) (Found ; C, 62-4; H, 5-8; N, 7-2. Cggtly,O,N,5, requires C, 62-3; 
H, 5-7; N, 7:25%). 

L-Cysteinyl-L-cysteine (1; n = 0).--S-Benzyl-N-benzylox ycarbonyl-L-cysteinyl-S-benzyl-L 
cysteine benzyl ester (5-7 g.), in liquid ammonia (250 ml.), was treated with sodium (1-9 g.). 
Ammonium chloride (5-5 g,) was added and the solution evaporated under nitrogen, The 
residue was extracted, in an atmosphere of nitrogen, with hot anhydrous ethanol (3 x 50 ml.) 
The extract was concentrated under reduced pressure in nitrogen and the granular hygroscopic 
peptide (1-0 g., 49%) filtered off, washed with dry ether and stored in vacuo; it had m, p. 150 
152° (decomp.) (sealed tube) (Found: C, 31-6; H, 46. C,H ,O,N,5, requires C, 32-1; H, 
54%). Attempts to purify this compound further, by recrystallisation or by conversion into 
metal derivatives, failed. 

S-Benazyl-N -bensyloxycarbonyl-_-cysteinyl-S-benzyl-L-cysteine ethyl Ester (Il; n = 0, R 
Et),-(a) S-Benzyl-N-benzyloxycarbonyl-_-cysteine hydrazide (1-8 g.) was converted into the 
azide and coupled with S-benzyl-L-cysteine ethyl ester hydrochloride (1-4 g.) as described above 
for the Lenzyl ester. Kecrystallisation of the product from benzene-light petroleum (b. p. 60 
80°) gave the ester (2-3 g., 82%), m. p. 103° (Found; N, 48. Calc. for CygH,O,;N,5,: N 
495%) ([zumiya and Greenstein * give m. p, 105°), 

(b) S-Benzyl-N-benzyloxycarbonyl-L-cysteine (3-45 g.) was coupled with S-benzyl-L_-cysteine 
ethyl ester hydrochloride (2-75 g.) as described above for the benzyl ester, yielding the ethy! 
ester (2-3 g., 39%), m. p, 103-—104°, [a]? —66-5° (c 0-2 in EtOH) 

S-Benzyl-N-benzyloxycarbonyl-L-cysteinyl-S-benzyl-L-cysteine (Il; m 0, H) (with G. S. 
Heaton).-(a) S-Benzyl-N-benzyloxycarbonyl-L-cysteine (860 mg.), in tetrahydrofuran (5 ml.) 
containing triethylamine (252 mg.), was treated with ethy! chloroformate (271 mg.), and the 
mixture kept at 0° for 5 min. An ice-cold suspension of S-benzyl-.-cysteine (530 mg.) in 50% 
aqueous tetrahydrofuran (50 ml.) containing triethylamine (252 mg.) was then added, The 
mixture was kept at room temperature for 2 hr., then evaporated to dryness under reduced 
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pressure and the residue treated with 2n-hydrochloric acid and extracted with ethyl acetate. 
Evaporation of the dried extract and recrystallisation of the residue from aqueous ethanol 
and then from benzene containing a little ethanol afforded the peptide (690 mg., 51%), m. p. 
145°—146 

(b) Ethyl chloroformate (0-84 ml.) was added to a cooled solution of S-benzyl-N-benzyloxy- 
carbonyl-L-cysteine (3 g.) in chloroform (15 ml.) containing triethylamine (1-25 ml.). After 
15 min., thiophenol (0-93 ml.) was added and the mixture kept at room temperature for an hour 
and then warmed to 50° for 30 min, The solvent was then removed under reduced pressure and 
the residue triturated with water and with light petroleum (b. p, 40-—60°); recrystallisation of 
the solid product from ethanol afforded S-benzyl-N-benzyloxycarbonyl-L-cysteine phenyl thiolester 
(VI; R = SPh) (3-0 g., 79%), m. p. 100° (Found: C, 65-4; H, 5-6; N, 33, CyHyyO,NS, 
requires C, 65-9; H, 5-3; N,3:2%). This ester (1-4 g.), in tetrahydrofuran (20 ml.), was added 
to S-benzyl-L-cysteine (0-8 g.) in N-sodium hydroxide (5 ml.), A few drops of methanol were 
added to homogenise the mixture, which was then boiled under reflux for 10 hr., after which the 
organic solvents were removed under reduced pressure. The residue was extracted with ether, 
and the residual aqueous layer acidified and extracted with warm ethyl acetate. Evaporation 
afforded the peptide (1-72 g., 100%), m. p. 141°; recrystallisation from ethanol raised the m. p. 
to 147°, [a)\* —39-0° (c¢ 0-20 in EtOH) (Found: N, 5-1. Cale. for CygHyO,N,S,: N, 52%) 
(Izumiya and Greenstein * give m, p. 152°). 

NN’-Dibenzyloxycarbonyl-L-cystinylhis-(S-benzyl-L-cysteine) (V).-N N’-Dibenzyloxycarbonyl- 
L-cystine (Bergmann and Zervas") (3 g.), in warm benzonitrile (5 ml.) containing l-ethyl- 
piperidine (1-65 ml.), was treated slowly with benzoyl! chloride (1-4 ml.), and the mixture kept 
at 0° for 15 min.’ and at room temperature for 20 min. A solution of S-benzyl-L-cysteine 
(2-52 g.) in N-sodium hydroxide (12 ml.) was then added with shaking; more N-sodium hydroxide 
(12 ml.) was then added in portions, with shaking, and the mixture then shaken overnight. 
The suspension was filtered and the solid extracted with ether in a Soxhlet apparatus, The 
residual solid was dissolved in the minimum volume of ethanol and treated with dilute hydro- 
chloric acid; dilution with water gave a flocculent precipitate which was thrice precipitated 
from acetic acid with water; the peptide (2-5 g., 47%) had m. p. 120°, (a)? ~53-0° (e O13 in 
EtOH) (Found: C, 56-4; H, 54. CygHggO9N,5, requires C, 56-4; H, 52%). 


Derivatives of Cysteinylglycyleysteine, 


S-Benzyl-N -benzyloxycarbonyl-L-cysteinyl-glycine Lthyl Ester (VIL; mn = 0).--S-Benzyl-N- 
benzyloxycarbonyl-L-cysteine (1-0 g.), in chloroform (10 ml.) containing triethylamine (0-5 ml,), 
was cooled and treated with ethyl chloroformate (0-4 ml), immediately followed by glycine 
ethyl ester [from the hydrochloride (0-4 g.) and triethylamine (0-5 ml.)) in chloroform (20 ml), 
The mixture was kept at room temperature for I hr. and then at 60° for 15 min. The cooled 
solution was then washed successively with 2n-hydrochloric acid, saturated sodium hydrogen 
carbonate solution, and water, dried, and evaporated. Llecrystallisation from aqueous ethanol 
afforded the ester (0-9 g., 72%), m. p. 94°, [a)? —39-6° (c 4:32 in dioxan) (Found: C, 61-6; H, 
6-1; N, 64. CygHy,O,N,5 requires C, 61-4; H, 6-1; N, 65%), 

An attempt to prepare this compound by the usual azide procedure from S-benzyl-N-benzyl- 
oxycarbonyl-L-cysteine hydrazide (3-6 g.) and glycine ethyl ester hydrochloride (1-4 g.) yielded 
L-N-(2-benzylthio-1-benzyloxycarbonylaminoethyl)carbamoylglycine ethyl ester (IV) (20 g., 46%), 
m. p. 157° after recrystallisation from ethanol (Found: C, 592; H, 61; N, 96. 
CagH,,0,N,5 requires C, 59-3; H, 6-1; N, 97%). 

S-Benzyl-N-benzyloxycarbonyl-L-cysteinyl-glycine Hydrazide (VIII; m 0, R NH*NH,).— 
The ethyl ester (VII; m = 0) (2-15 g.) was refluxed in ethanol (5 ml.) with hydrazine hydrate 
(0-25 g.) for 5 hr. The solid which separated on cooling was the hydrazide (1-7 g., 80%,) which, 
recrystallised from ethanol, had m. p. 142°, [a/# —18-1° (¢ 0-17 in EtOH) (Found: N, 13-2, 
CypH yO,N,S requires N, 13-5%). 

S-Benzyl-N-benzyloxycarbonyl-L-cysteinyl-glycyl-S-benzyl-L-cysteine Benzyl Ester (11; mn 1, 
R = CH,Ph S-Benzyl-N-benzyloxycarbonyl-L-cysteinylglycine hydrazide (5-0 g.), in 50%, 
acetic acid (60 ml.) containing concentrated hydrochloric acid (5 ml.), was cooled to 0° and 
treated with 10% sodium nitrite solution (10 ml.). The precipitated azide was extracted with 
ether, and the extract thrice washed with 10% sodium hydrogen carbonate solution and dried. 
S-Benzyl-t-cysteine benzyl ester hydrochloride (4-2 g.) was suspended in water (10 ml.) and 
ether (50 ml), cooled to 0°, and treated with triethylamine (2 ml.) with vigorous shaking. The 
ether layer was separated, dried, and added to the ethereal solution of the azide. Next day the 
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precipitate was collected by filtration and recrystallised from ethanol; the ester (8-0 g., 99%) 
had m. p. 161°, (a)? —34-7° (c 2-58 in dioxan) (Found: C, 64-7; H, 59. Cy HygO,N,5, 
requires C, 64-8; H, 57%). 

S-Benzyl-N -benzyloxycarbonyl-: -cysteinyl-glycyl-S-benzyl-L-cysteine ethyl estey (Il; mn = 1, 
R = Et), similarly prepared in 81% yield from the same hydrazide (1-04 g.) and S-benzyl-.- 
cysteine ethy) ester hydrochloride (0-7 g.), had m. p, 126-——-126° (Found: C, 61-8; H, 6-2. 
Cog y7OgN 5, requires C, 61-6; H, 60%). 

S-Bensyl-N-benzyloxycarbonyl--cysteinyl-glyaize (VIIL; m= 0, R = OH),—S-Benzyl-N- 
benzyloxycarbonyl-_-cysteine phenyl thiolester (5 g.), in tetrahydrofuran (560 ml.), was treated 
with glycine (0-85 g.) in N-sodium hydroxide (11-5 ml.), and the mixture refluxed for 6 hr. after 
being made homogeneous with a few drops of methanol. Tetrahydrofuran was then removed 
under reduced pressure and the residue extracted with ether; acidification of the aqueous 
residue, followed by extraction with ethyl acetate and evaporation, yielded the peptide (3-2 g., 
69%) which, recrystallised from ethanol, had m. p. 153—154°, (a)? —11-4° (¢ 2-6 in EtOH) 
(Found : N, 67, CygHgO,N,5 requires N, 7-0%). 

S-Benzyl-N -benzyloxycarbonyl-L-cysteinyl-S-benzylglycyl-_-cysteine (11; n = 1, R = H),—S- 
Benzyl-N-benzyloxycarbonyl-L-cysteinylglycine (600 mg.) was converted as usual (cf. p, 3153) 
into the phenyl thiolester (600 mg., 68%), m. p. 102° (from ethanol), [a|?? — 14-5° (c 0-21 in EtOH) 
(Found: N, 5-7. CyglHygO,N,S, requires N, 5-7%), which was coupled by the usual procedure 
(cf. p. 3153) with S-benzyl-_-cysteine (250 mg.). Recrystallisation of the product from ethanol- 
light petroleum (b. p, 60—80°) afforded the peptide (185 mg., 21%,), m. 0, 148-—150° (Found: N, 
6-9. CypHygOgN,S, requires N, 71%). 

N-Benzyloxycarbonylglycyl-S-benzyl-_-cysteine (IX; RK =H), prepared in 75% yield, as 
described for its isomeride, from N-benzyloxycarbonylglycine phenyl thiolester * and S-benzyl- 
L-cysteine and recrystallised from benzene, had m. p. 117°, {a)}? —65-0° (c 0-08 in EtOH) (Found : 
C, 60-0; H, 6-6. CysHygO,N,S requires C, 59-7; H, 56-56%). The ethyl ester, prepared in 54% 
yield from N-benzyloxycarbonylglycine and S-benzyl-._-cysteine ethyl ester by the Boissonnas 
procedure described above (p. 3153) for its isomeride, and recrystallised from ether, had m. p. 
80°, [a|\® ~84-6° (¢ 0-43 in EtOH) (Found: N, 6-2, Cale, for Cy,H,,O,N,5: N, 65%) 
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(Goldschmidt and Wick™ give m, p. 80°); the benzyl ester, similarly prepared in 53% yield, 


had m. p. 97°, (a) —22-0° (c 0-18 in EtOH) (Found: C, 65-9; H, 6-0. C,,H,sO,N,S requires 
C, 65-9; H, 6-7%). 

N-Phthaloylglycyl-S-bensyl-_-cysteine ethyl ester was prepared in 67% yield by coupling 
phthaloylglycine (2-22 g.) and S-benzyl-.-cysteine (3-0 g.), by the usual Boissonnas procedure, 
and recrystallised from ethanol; it had m. p. 165°, (a)? —29-0° (c 0-10 in EtOH) (Found: C, 
61-8; H, 54. CyH,,O,N,5 requires C, 62-0; H, 51%). 


Derivatives of Cysteinyldiglycyleysteine. 

S-Bensyl-N -bensyloxycarbonyl-.-cysteinyl-glycylglycine Ethyl Ester (VI1; m = 1),—(a) S- 
Benzyl-N-benzyloxycarbonyl]-L-cysteine (3-6 g.) was dissolved in chloroform (35 ml.) containing 
triethylamine (1-8 ml). Ethyl chloroformate (1-2 ml.) was added, with shaking and cooling, 
followed by glycylglycine ethyl ester hydrochloride * (1-2 g.) in chloroform (25 ml.) containing 
triethylamine (1-8 ml.). The mixture was kept at room temperature for 15 min. and then at 60° 
for Lhr. Working up as usual, followed by recrystallisation from aqueous ethanol, afforded the 
ester (41 g., 86%), m. p. 114°, [a]? —12-9° (¢ 3-21 in EtOH) (Found: C, 58-9; H, 6-2; N, 8-5. 
Cog yOgN,S requires C, 69-1; H, 6-0; N, 86%). 

(b) S-Benzyl-N-benzyloxycarbonyl-.-cysteine hydrazide (1-0 g.), in 50% acetic acid (20 ml.) 
containing concentrated hydrochloric acid (2 ml.), was cooled to 0° and treated with 2% sodium 
nitrite solution (10 ml.). The azide was extracted with chloroform, and the extract thrice 
washed with 10% sodium hydrogen carbonate solution and dried. Glycylglycine ethy] ester 
hydrochloride (0-6 g.), in water (2 ml.), was treated, with vigorous shaking, with triethylamine 
(0-5 mil.) in chloroform (20 ml.); the aqueous layer was saturated with potassium carbonate, and 
the organic layer separated and dried. This solution was added to the azide solution and the 
mixture kept overnight and worked up as usual. Recrystallisation from aqueous ethanol gave 
the ester (1-1 g., 81%), m. p. 118°, 

(c) Glycylglycine ethyl ester hydrochloride (0-7 g.) was suspended in pyridine (30 ml.) 
containing phosphorus trichloride (0-3 ml.), and the mixture kept at room temperature for 


* Goldschmidt and Wick, Annalen, 1962, §75, 217. 
** Schott, Larkin, Rockland, aud Dunn, J. Org. Chem., 1047, 12, 490. 
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30 min. S-Benzyl-N-benzyloxycarbonyl-L-cysteine (1-1 g.), in pyridine (20 ml.), was added 
and the mixture refluxed for 3 hr., cooled, filtered, and evaporated to dryness under reduced 
pressure. The residue was taken up in ethyl acetate and washed with 2n-hydrochloric acid, 
10%, sodium hydrogen carbonate solution, and water; evaporation of the dried extract, followed 
by recrystallisation from aqueous ethanol, gave the ester (1-0 g., 64%), m. p. 114—116°, 

S-Henzyl-N -benzyloxycarbonyl-L-cysteinyl-glyzylglycine methyl ester, prepared in 21% yield by 
the Boissonnas procedure, (a), described for the ethyl ester and recrystallised from benzene- 
ether, had m. p. 110° (Found: C, 58-3; H, 5-6. C,,H,,O,N,S requires C, 58-3; H, 5-8%). 

S-Benzyl-N -benzyloxycarbonyl-L-cysteinyl-glycylglycine (VIII; m = 1, R = OH), prepared in 
31% yield by the usual procedure (p. 3153) from S-benzyl-N-benzyloxycarbonyl-1-cysteine 
phenyl thiolester (1 g.) and glycylglycine hydrochloride “ (0-4 g.), and recrystallised from 
ethanol-light petroleum (b. p. 60—-80°), had m. p. 120—130°, [a]? —9-4° (¢ 0-21 in EtOH) 
(Found: N, 9-0. CygHysO.N,S requires N, 91%). The phenyl thiolester (VII1; » = 1, 
RK = SPh), prepared in the usual manner (72% yield) and recrystallised from ethanol, had m. p. 
105-—106°, (a) —5-8° (¢ 0-61 in EtOH) (Found: N,7:3. C,,H yO,N,S, requires N, 7-6%). 

S- Benzyl-N -benzyloxycarbonyl-L-cysteinyl-glycyiglycine Hydraside (VIIl; m=], R= 
NH-NH,).—The corresponding ethyl ester (500 mg.) was kept at room temperature overnight 
with hydrazine hydrate (0-2 ml.) in ethanol (2 ml.). Recrystallisation of the precipitate from 
aqueous ethanol gave the hydrazide (400 mg., 82%), m. p. 164° (Found: N, 14-6, C,,H,,O,N,S 
requires N, 14-8%). 

S-Benzyl-N -benzyloxycarbonyl-L-cysteinyl-diglycyl-S-benzyl-L-cysteine benzyl ester (II; n = 2, 
R = CH,Ph), prepared in 73% yield by the procedure described on p. 3151 from the above 
hydrazide (2-5 g.) and S-benzyl-.-cysteine benzyl ester hydrochloride (2-2 g.) and recrystallised 
from acetone-light petroleum (b. p. 60—80°), had m. p. 175°, [a]? —29-6° (¢ 2-73 in pyridine) 
(Found: C, 63-3; H, 5-9. Cy,H,O,N,S, requires C, 63:1; H, 5-7%). The ethyl ester (II; 
n = 2,R = Et), prepared similarly in 47% yield and recrystallised from ethanol-light petroleum 
(b. p. 60—80°), had m. p. 135° (Found: C, 60-6; H, 5-9. C,H O,N,S, requires C, 60-0; H, 
6-0%). 


Derivatives of Cysteinyltriglycyleysteine, 
S-Benzyl-N -benzyloxycarbonyl-.-cysteinyl-diglycylglycine Ethyl Ester (VIL; = 2).—-(a) Ethyl 


chloroformate (0-5 ml.) was added, with shaking and cooling, to S-benzyl-N-benzyloxycarbonyl- 
L-cysteine (1-7 g.), in chloroform (20 ml,) containing triethylamine (0-7 mil.), and immediately 
followed by a solution of diglycylglycine ethyl ester hydrochloride ” (1-3 g.) in chloroform 
(20 ml.) containing triethylamine (0-7 ml.). The mixture was kept at room temperature for 
15 min. and at 50° for 1 hr, and then worked up in the usual manner. Recrystallisation of the 
product from chloroform-ether gave the ester (2-0 g., 75%), m. p. 120°, [a]? —2-2° (c 4-60 in 
dioxan) (Found: C, 57-0; H, 5-9, CygH,,0,N,S requires C, 57-3; H, 59%). 

(b) The same product, m. p, 122—123°, was obtained in 45% yield by coupling, in the usual 
manner, the azide from S-benzyl-N-benzyloxycarbonyl-.-cysteine hydrazide with diglycyl- 
glycine ethyl ester. 

S-Benzyl-N-benzyloxycarbony|-L-cysteinyl-diglycylglycine Hydraside (VIII; n=2, R= 
NH-NH,).—The above ester (1-0 g.) was kept overnight with hydrazine hydrate (0-4 ml.) in 
ethanol (15 ml.). Recrystallisation of the precipitated solid from aqueous ethanol gave the 
hydrazide (0-8 g., 82%), m. p. 196° (Found: N, 16-1. C,,H,,O,N,5 requires N, 15-85%). 

S-Benzyl-N-benzyloxycarbonyl-L-cysteinyl-triglycyl-S-benzyl-L-cysteine Benzyl Ester (11; n = 3, 
R = CH,Ph).—The azide from the above hydrazide (2-0 g.) was coupled in the usual manner, in 
ethyl acetate solution, with the free ester from S-benzyl-_-cysteine benzyl ester hydrochloride 
(1-4g.). Keerystallisation of the product from benzene-light petroleum (b. p. 60--80°) gave the 
ester (1-6 g., 53%), m. p. 157-158", [a]? — 30-6° (c 2-89 in dioxan) (Found: C, 61-2; H, 5-9; N, 
9-0. Cy,HysO,N,S, requires C, 61-6; H, 5-6; N, 8-8%). 


Derivatives of Cysteinyltetraglycylcysteine. 
N-Benzyloxycarbonyldighycyl-S-benzyl-L-cysteine Benzyl Ester (KX; K = OCH,Ph).—-(a) S- 
Benzyl-.-cysteine benzyl ester toluene-p-sulphonate (2-4 g.), in pyridine (20 ml.) containing 
phosphorus trichloride (0-5 ml.), was treated with N-benzyloxycarbonylglycyl-glycine ™ (1-4 g.), 
in pyridine (20 ml.), and the mixture refluxed for 2 hr. Working up in the usual manner and 
recrystallisation from ethanol-light petroleum ether (b. p. 60--80°) gave the ester (1-1 g., 38%), 
m. p. 100°. 
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(b) N-Benzyloxycarbonylglycyl-glycine hydrazide * (2-8 g.) was converted into the azide 
and coupled, as usual, in chloroform with the free ester from S-benzyl-._-cysteine benzyl ester 
hydrochloride (3-4 g.); recrystallisation of the product as before gave the ester (1-0 g., 18%), 
m. p. 100-—-101° (Found: C, 64-0; H, 5-7; N, 7-8. CyH,,O,N,5 requires C, 63-4; H, 5-6; 

i, 765%). 

S-Bensyl-N -benzyloxycarbonyl-L-cysteinyl-tetraglycyl-S-benzyl-L-cysteine Benzyl Ester (II; 
ne 4, R «= CH,Ph).—-Hydrogen bromide was passed through a solution of the above ester 
(700 mg.) in acetic acid (28 ml.) for 30 min. Addition of ether (280 ml.) precipitated diglycyl- 
S-benzyl-_-cysteine benzyl ester hydrobromide (750 mg.). The free ester was liberated as usual 
and coupled, in the usual manner, with the azide from S-benzyl-N-benzyloxycarbonyl-L-cysteinyl- 
glycylglycine hydrazide (700 mg.). Recrystallisation of the product from aqueous ethanol gave 
the benzyl ester (500 mg., 39%), m. p. 2056—206°, [a]” —29-7° (c 1-10 in pyridine) (Found: C, 
569-5; H, 64; N, 95. CyyH yO, N,S, requires C, 60-2; H, 5-6; N, 9-8%). 

N - Benzyloxycarbonyldiglycyl -S-benzyl-L-cysteine (X%; KR = OH).—N-Benzyloxycarbonyl- 
giycyl-glycine phenyl thiolester ” (3 g.), in tetrahydrofuran (50 ml.), was added to S-benzyl-.- 
cysteine (1-7 g.) in N-sodium hydroxide (8 ml.). After treatment with a few drops of methanol, 
the homogeneous solution was heated at 60° for 4 hr. Tetrahydrofuran was removed under 
reduced pressure and thiophenol by extraction with ether. Acidification precipitated an oil 
and a solid; the former was taken up in ethyl acetate, and the latter collected by filtration. 
Evaporation of the ethyl acetate and trituration of the oily residue with water gave a solid 
which was added to that directly precipitated, Recrystallisation from aqueous ethanol gave 
the peptide (3-0 g., 78%), m. p. 161—-162° (Found: C, 57-3; H, 5-3; N, 93. Cy,H,,0,N,5 
requires C, 57-6; H, 5-4; N, 915%). 


Derivatives of Cysteinyltetraglycylglycine. 

S- Benzyl -N-bensyloxycarbonyl-L-cysteinyl-tetraglycylglycine Benzyl E-ster.__N-Benzyloxycarb- 
onylglycyl-glycine (1-3 g.) was coupled, by the usual Boissonnas procedure, with glycine benzyl 
ester (from the hydrochloride, 1-0 g.), Reerystallisation of the product from aqueous ethanol 
yielded N-benzyloxycarbonyldiglycyl-glycine benzyl ester (1-2 g., 59%), m. p. 148° (Found: C, 61-1; 
H, 66; N, 105. Cy,HygOgN, requires C, 61-3; H, 5-6; N, 10-2%). Hydrogen bromide was 
passed through a suspension of this compound (1-0 g.) in acetic acid (15 ml.) for 30 min. Ether 
(50 ml.) was added and the solution kept at 0° for 2 hr. The precipitated hydrobromidagwas 
filtered off and dissolved in water (5 ml.); triethylamine (0-5 ml.) was added and the free ester 
extracted into ethylacetate. S-Benzyl-N-benzyloxycarbonyl-L-cysteinylglycylglycine hydrazide 
(1-2 g.) was converted into the azide in the usual manner; the ethy] acetate solution of the azide 
was mixed with the ethyl acetate solution of diglycylglycine benzyl ester. Next day the mixture 
was worked up as usual and the product recrystallised from aqueous Cellosolve; the benzyl ester 
(0-3 g., 165%) had m, p. 207° (Found: C, 581; H, 55; N, 11-8. C,,Hy,O,N,5 requires C, 
683; H, 66; N, 11-7%). 

S-Bensyl-N-benzyloxycarbonyl-_-cysteinyl-tetraglycylglycine Ethyl Ester.—S-Benzyl-N-benzyl- 
oxycarbonyl-.-cysteinyl-glycylglycine hydrazide (4-6 g.) was coupled with diglycylglycine ethyl] 
ester (2-0 g.) in chloroform by the usual azide procedure. Recrystallisation afforded the 
ester (4:1 g., 66%), m. p, 198—-199° (Found: C, 55-4; H, 5-7; N, 12-5. CygH,,O,N,S requires 
C, 64-7; H, 68; N, 12°75%). 


We are indebted to the Ministry of Education and the Department of Scientific and 
Industrial Kesearch for maintenance allowances (to K.C, H. and J. A. S., respectively). Micro- 
analyses were carried out by Messrs, F. H. Oliver (London) and V. V. Manohin (Manchester). 


Cottece or TecnnoLtocy, University OF MANCHESTER, 
MANCHESTER, I 
IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
Soutn Kensington, Lonpon, 5.W.7. Received, February 8th, 1956.) 


** Karrer and Heynemann, Helv. Chim, Acta, 1948, 31, 398 
*’ Rydon and Smith, J., in the press; P. W. G. Smith, Ph.D. Thesis, London, 1953. 
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607. Polypeptides. Part I1I.* The Oxidation of Some Peptides 
of Cysteine and Glycine.t 
By G. S. Heaton, H. N. Rypon, and J. A. Scuorietp. 


The oxidation, in aqueous solution at pH 8-5, of a series of L-cysteinyl- 
polyglycyl-.-cysteines, in which the number of glycine residues varies from 
0 to 4, has been studied. The proportion of cyclic monomer (III) has been 
found to be maximal when four glycine residues separate the two cysteine 
residues. All the cyclic polymers isolates’ have been found to have anti- 
parallel structures, as (V), while appreciable amounts of linear high polymers 
have not been encountered. The significance of these results is briefly 
discussed, with special reference to the chemistry of insulin and oxytocin, 


Ir is generally agreed that disulphide bridges between pairs of cysteine residues are the 
most important covalent cross-linkages found in protein molecules, serving both to bind 
together pairs of peptide chains and to form loops in single peptide chains; thus, in 
insulin ! the two peptide chains are held together by two disulphide linkages while a third 
such linkage, between two c;’steine residues separated by four other amino-acid residues, 
forms a loop in one of the peptide chains. Such linkages are, furthermore, generally 
held * to play an important part in the phenomena of denaturation and gelation which are 
so typical of native globular proteins. Holding, with Edsall,* that the next phase in the 
development of our understanding of protein chemistry requires an intensive study of the 
chemistry of model synthetic polypeptides, we have instituted research on the disulphide 
cross-linking of selected peptides containing cysteine residues. The controlled establish- 
ment of disulphide cross-linkages is one of the major unsolved problems which must be 
overcome if proteins are ever to be synthesised; we hope that our work may also be of 
assistance in this connexion, 

The present paper, which presents the first results of this programme, describes a 


preliminary study of the oxidation of five peptides (1; m = 0-4), in which two cysteine 
residues are separated from each other by various numbers of glycine residues. When 
our work was begun, in 1950, the only studies of this kind reported in the literature were 
those of Greenstein * ® on the oxidation of cysteinyleysteine (1; m = 0); recently Greenstein 
and his colleagues * 7 have reported further studies of this problem. 


ET eee YY wyatncter mere 


H,SH (1) H,°SH H,S°CH,Ph (II) H,°S°CH,Ph 

The fully protected peptides (II; R = PheCH,O°CO, R’ = Ph°CH,), the preparation 
of which is described in the preceding paper,* were converted into the free peptides (1) either 
directly, by treatment with sodium in liquid ammonia,* or, better, in two stages by first 
removing the N-benzyloxycarbonyl and O-benzyl groups by treatment with hydrogen 
bromide in acetic acid # and then treating the resulting S-benzyleysteine peptides (11; 
Rk = R’ = H) with sodium in liquid ammonia. The free peptides (1) were not, in general, 


* Part II, preceding paper, 
+ An account of this work was given at the Symposium on Peptide Chemistry held in London on 


March 30th, 1965 (see Chem. Soc, Special Publ. No. 2 (1956), p. 66) 

! Ryle, Sanger, Smith, and Kitai, Biochem, J., 1966, 60, 541. 

* Neurath, Greenstein, Putnam, and Erickson, Chem. Hev., 1944, 94, 157; Verry and Moar. t 
Amer. Chem. Soc., 1947, @@, 388; Huggins, Tapley, and Jensen, Nature, 1951, 167, 502; Frensdortf, 
Watson, and Kauzmann, /. Amer. Chem. Soc., 1953, 75, 5157, 5167; Halwer, ihid., 1054, 76, 183; 
Hospelhorn, Cross, and Jensen, ibid., p. 2827; Hospelhorn and Jensen, sbid., p. 2830. 

* Edsall, Proc. Roy. Soc., 1953, B, 141, 97. 

* Greenstein, /. Biol. Chem., 1937, 118, 321. 

* Idem, ibid., 1937, 121, 9. 

* |zumiya and Greenstein, Arch. Biochem. Biophys., 1954, 62, 203. 

’ Otey and Greenstein, ibid., 1954, 63, 501. 

* Hooper, Rydon, Schofield, and Heaton, preceding paper 

* Sifferd and Du Vigneaud, J. Biol. Chem., 19356, 108, 753 

© Ben-Ishai and Berger, J. Org. Chem., 1952, 17, 1564; Ben-Ishai, ibid, 1954, 19, 62 
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isolated but were directly oxidised by bubbling air through 1%, or 0-1% solutions at pH 8-5; 
we have not detected any marked effect of variation of the peptide concentration within 
these limits. 

Possible oxidation products are the monomeric cyclic disulphides (III), the parallel (IV) 
and the anti-parallel (V) cyclic dimers, analogous higher cyclic polymers, and acyclic 
polymers. In theory, these possibilities are best distinguished from one another by 
introduction of an N-substituent into the free amino-group or groups, followed by 
hydrolysis; on such treatment the parallel cyclic polymers, ¢.g., (IV), should yield one mol. 
of cystine and one of the NN’-disubstituted cystine, whereas the monomers (III) and the 
antiparallel cyclic pelymers, ¢.g., (V), should yield only the N-monosubstituted cystine. 
In practice, the issue is complicated by the occurrence of disulphide interchange reactions ™ 
which result in the conversion of N-monosubstituted cystines into equimolecular mixtures 
of cystine and NN’-disubstituted cystines. 

This interchange was forcibly brought to our notice when we found, by paper electro- 
phoresis, that the action of hydrochloric acid on the chromatographically pure bis-N- 
phenylcarbamoy! derivative of the oxidation product of L-cysteinylglycyl-L-cysteine gave, 
in addition to glycine, both cystine, corresponding to the dimer (1V; m = 1), and cystine 


H,N-CH’CO-[NH:CH,CO}],"NH’CH-CO,H 
Sa —$——_$———CH, (III) 
‘CH-CO-[NH-CH,CO],"NH-CH-CO,H H,N-CH-CO-[NH:CH,CO],"NH-CH-CO,H 
H, H, H, H, 


H, H, H, H, 


H,N’CH-CO-[NH’CH,CO],"NH’CH'CO,H HO,C‘CH-NH-[CO-CH,’NH],"CO-CH-NH, 
(IV) (V) 


monophenylhydantoin, corresponding to the isomer (V; m= 1). Attempts to devise 
conditions under which N-phenylearbamoyl derivatives could be cyclised without 
concomitant interchange having failed, we turned our attention to N-2 : 4-dinitropheny] 
derivatives, since Ryle and Sanger * had reported success with these. Although the 
conditions employed by Sanger and his colleagues +4 for the partial hydrolysis of insulin 
were unsuitable for our purpose, we found conditions under which the disulphide inter- 
change was slow relatively to the hydrolysis of the peptide linkages in our peptides (I). 
Under these conditions unsymmetrical N-2: 4-dinitropheny! derivatives of cystine and 
cystine glycine peptides could be recognised on paper chromatograms with confidence, 
appearing in the early stages of hydrolysis as single, yellow, ninhydrin-positive spots which 
were replaced, as the hydrolysis proceeded, by two spots, one yellow and ninhydrin- 
negative (the NN’-bis-2:4<dinitrophenyl derivative) and the other colourless and 
ninhydrin-positive (the N-unsubstituted compound). 

Examination of the oxidation product of L-cysteinyl-1-cysteine (I; m = 0) by paper 
chromatography and paper electrophoresis showed the presence of at least four components. 
Direct conversion of the oxidation product into its N-2: 4-dinitrophenyl derivative, by 
Levy and Chung’s method,” gave, in 36% yield, a product shown by paper chrom- 
atography to be a mixture of five components. The major component (52% of the total) 
was subjected to progressive hydrolysis (see Fig. 4, p. 3165); the first hydrolysis product 
was a yellow, ninhydrin-positive material (VI), which passed, on further hydrolysis, first 
into monodinitrophenyleystine (VII) and then, by disulphide interchange, into bisdi- 
nitrophenyleystine and cystine. The formation of an intermediate hydrolysis product as 

*! Sanger, Nature, 1953, 171, 1025; Ryle and Sanger, Biochem. ]., 1955, 60, 535. 


™ Ryle and Sanger, Biochem. ]., 1954, 68, v. 
™ Levy and Chung, J. Amer, Chem. Soc,., 1955, 77, 2809 
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a precursor of monodinitrophenylcystine rules out the monomeric structure (III; = 0) 
for the oxidation product, since this would necessarily yield monodinitrophenylcystine 
directly. Oxidation of the intermediate (VI) by performic acid gave cysteic acid, N-2 ; 4- 
dinitrophenylcysteic acid, and a third, yellow, ninhydrin-negative product which was shown 
to be the acid (VIII) by hydrolysis to dinitrophenylcysteic acid and cysteic acid, These 
findings are consistent only with the formulation of the oxidation product as the anti- 
parallel dimer (V; = 0), the various reactions being those set out in scheme A, 
Had the oxidation product had the alternative parallel structure (IV; = 0), the 
initial hydrolysis product would have been (IX) rather than (VI) and would have given, 
on further hydrolysis, bisdinitrophenylcystine and cystine directly and not by way of 
monodinitrophenylcystine. It may therefore be concluded that this oxidation product, 
which was however isolated in only 20% yield, is the antiparallel dimer (V; m = 0). The 
nature of the other oxidation products was not further investigated in view of the renewed 
interest of Greenstein and his colleagues * 7 in this problem; the chromatographically 
slower-moving dinitrophenyl derivatives are clearly those of higher cyclic polymers. 


6tiene A DNP-NH-CH-CO-NH-CH:CO,H DNP-NH-CH-CO,H CH(NH,)-CO,H 
H, H, 


H, H, 


HO,C’CH-NH-CO-CH-'NH-DNP HO,.C’CH’NH’CO-CH-NH'DONP (VI) 


DNP-NH-CH-CO,H CH(NH,)-CO,H Py, DNP-NH‘CH-CO,H 


H, H, ae A gg tm H, 


H,SO,H H,SO,H 
H, 


HO,C-CH-NH, 
(VII) 


H, H, 


DONP-NH-CH-CO-NH’CH-CO,H 
(IX) (VIII) 
Here and elsewhere DNP = 2: 4-(NO,),C,H,. 


“Y — 
HO,C-CH‘NH-CO-CH‘NH:DNP 


The antiparallel structure (V; = 0) was originally assigned by Greenstein ® to the 
oxidation product of L-cysteine-L-cysteine but without supporting evidence. Izumiya 
and Greenstein ® assigned the parallel structure (I[V; m=) to crystalline oxidation 
products obtained, in 25—30% yield, from p-cysteinyl-t-cysteine and L-cysteinyl-p- 
cysteine, on the basis of their hydrolysis to pi- rather than to meso-cystine. The same 
authors obtained two crystalline oxidation products (25—30°%, yield) from L-cysteinyl-L- 
cysteine and suggested that these were the parallel and antiparallel isomerides (1V and V ; 
n = 0); Dr. Greenstein had kindly sent us an advance summary of a recent paper ™ in 
which one of these products is shown to be the cyclic monomer (III; m = 0) and the other 
a cyclic dimer, the precise nature of which is not conclusively established.* 

* (Added, March 14th, 1956.| This paper has now been published in full..* The dimeric material 
is considered to be largely the parallel compound (IV; » = 0). We do not, however, find the evidence 
for this completely convincing; in particular, the apparent absence of disulphide interchange during the 
hydrolysis of the dinitropheny! derivative is very surprising. It is possible that the two groups were 
dealing with different products, or with different components of the same mixture, and it is aps 
significant that colour changes, ascribed to the presence of traces of heavy metals, were observed 
by Dr. Greenstein and his colleagues during the oxidation of cysteinyleysteine; no such changes were 
observed in any of our oxidations, the solutions being initially colourless and remaining so throughout ; 
heavy-metal catalysis might well have a profound effect on the course of the oxidation. 


4 Wade, Winitz, and Greenstein, J. Amer, Chem. Soc., 1956, 78, 373, 


3160 Heaton, Rydon, and Schofield : 


Paper electrophoresis of the oxidation product of L-cysteinylglycyl-.-cysteine (I; 
n — 1) showed the presence of three products, one of which preponderated and was isolated, 
electrophoretically pure, in 80%, yield. The crude 2 : 4-dinitropheny! derivative, prepared 
disectly from the oxidation product, was a mixture of two components in the molar ratio 
3:1. The more abundant, chromatographically faster-moving component was subjected 
to progressive hydrolysis (see Fig. 5, p. 3165); the initial hydrolysis product was a yeliow, 
ninhydrin-positive material which passed, on further hydrolysis, first into monodinitro- 
phenylcystine and glycine and then into bisdinitrophenylcystine, cystine, and glycine. The 
initial hydrolysis product, isolated in 80°, yield after 15 minutes’ hydrolysis, was shown to be 
N-mono-2 : 4-dinitrophenyl-L-cystinyl-glycine * (XI) by the transformations in Scheme B. 
The initial hydrolysis product (XI) was first converted into the bisdinitropheny] derivative 
(X11) which, on hydrolysis, gave bisdinitrophenyleystine and glycine, and, on performic 
acid oxidation, dinitrophenyleysteic acid and a yellow, ninhydrin-negative product shown 
to be the eysteic acid derivative (XIII) by hydrolysis to dinitrophenyleysteic acid and 
glycine. The dinitrophenyl derivative (XI) can only anise by partial hydrolysis of the 
dinitropheny! derivative of the cyclic monomer (III; = 1), the antiparallel cyclic dimer 
(V; 1), or higher antiparallel cyclic polymers. The dimeric nature of the dinitro- 
phenyl! derivative (X) was established by partial esterification with a deficiency of diazo- 
methane which afforded, in addition to unchanged material, two esters, viz., the mono- and 
the di-methyl ester of (X); a monomer could only give one ester while a higher polymer 
would give more than two. It is therefore concluded that the major oxidation product 
of L-cysteinylglycyl-L-cysteine (I; m = 1) is the antiparallel cyclic dimer (V; » = 1). 
Owing to lack of material the nature of the chromatographically slower-moving dinitro- 
pheny! derivative was not investigated but it is believed, on the basis of its Rp value, to be 
derived from a cyclic trimeric oxidation product. 


Scheme B 
DNP-NH:CH:CO-NHCH,CO,H = DNP*NH'CH-CO-NH'CH,CO,H = DNP*NH:CH-CO,H 
CH, H, oH 


S 


om 4+ HjN-CHyCO,H 


H, 


H, 
HO,C-CH’'NH, (XI) HO, CH-NH-ONP (X11) 


mH rt ns Wa rg DNP-NH:CH-CO-NH-CH,-CO,H 
H, 


H,SO,\H «<4 ¢H,S0,H (X11) 
+ + 
H,N-CH,-CO,H CH,’SO,H 
H, HO,C-CH’NH-DNP 
HO,C-CH‘NH-CO-CH,'NH-CO-CH'NH-‘DNP  (X) 

Paper chromatography showed the 2: 4-dinitrophenyl derivative of the oxidation 
product of L-cysteinyldiglycyl-t-cysteine (I; m = 2) to be a mixture of four components. 
The three chromatographically faster-moving of these were purified and subjected to brief 
hydrolysis; each gave as the main product the same dinitrophenylcystinyl glycine (XI) as 


was obtained similarly from the oxidation product of L-cysteinylglycyl-t-cysteine. These 
products must, therefore, all have cyclic monomeric or antiparallel cyclic polymeric 


* Here and elsewhere hyphens are inserted into names where it is believed that it will help to 
clucidate the positions of substituents, 
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structures; unfortunately, they could not be esterified with diazomethane and it has been 
necessary to deduce their molecular complexity from their Ky values, 

The Ry values, in butanol-l-ol-pyridine-water (2:1: 2), of the N-2: 4-dinitrophenyl 
derivatives of the oxidation products of the peptides (1) are plotted against the number of 
glycine residues (n) in Fig. 1. It has been shown above that the fastest-moving products 
when » = 0 and 1 are dimers and the finding that the dinitrophenyl derivatives of the 
other oxidation products of L-cysteinyl-L-cysteine move more slowly on chromatograms 
than that of the dimer indicates clearly that the Ky value decreases with increasing 
molecular complexity, as would be expected from the work of Pardee.’® The line in Fig. 1 
indicates the most probable relationship between the Ky value and the value of m for 
antiparallel dimers; points falling above this line are taken to correspond to monomers 
and those falling below it to trimers and higher polymers. On this basis we assign to the 
three faster-moving dinitropheny] derivatives from L-cysteinyldiglycyl-L-cysteine structures 

Fic. 2. Curves showing the vate of formation of mono- 
N-2 : 4-dinitrophenyl-L-cystine from L-cystine and bis- 


N-2 : 4-dinitrophenyl-L-cystine under the conditions 


Fic. 1. Ry value dinitrophenyl derivatiw : 
‘ tp es for dinttropheny evivalives given in Table 2 (A, expt. no. 9; B, expt. no. 10 
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corresponding to the cyclic monomer (III; = 2), the antiparallel dimer (V; nm = 2), and 
the corresponding antiparallel trimer; the very slow-moving derivative no doubt arises 
from a higher polymer. 

Paper chromatography showed the N-2: 4-dinitropheny! derivative of the oxidation 
product of L-cysteinyltriglycyl-L-cysteine (1; m = 3), isolated in 90%, yield, to be a mixture 
of only two components. These were isolated chromatographically and, on brief hydrolysis, 
gave the dinitrophenylcystinyl-glycine (XI), the isolation of which excludes all parallel 
cyclic polymers. Attempted partial esterification was again unsuccessful, but, on the 
basis of the Ry values of the dinitrophenyl derivatives (Fig. 1), the two oxidation products 
of L-cysteinyltriglycyl-L-cysteine are regarded as the cyclic monomer (III; nm == 3) and the 
antiparallel dimer (V; ” = 3). 

The N-2 : 4-dinitrophenyl derivative obtained in 90°, yield from the oxidation product 
of L-cysteinyltetraglycyl-L-cysteine (III; m = 4) was chromatographically homogeneous, 
although paper electrophoresis of the isolated oxidation product itself showed the presence 
of three other components in addition to the major oxidation product. Brief hydrolysis 
of the dinitrophenyl derivative again gave as the major product the dinitrophenyleystinyl- 
glycine (XI). It was, unfortunately, not possible, owing to selubility difficulties, to bring 


'® Pardee, J. Biol. Chem., 1951, 190, 757; cf. Waley, /., 1956, 517. 
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about partial esterification of the dinitrophenyl derivative ; for the same reason, coupled 
with lack of material, we were not able to obtain a molecular weight by physicochemical 
methods. The high Ry value (see Fig. 1), however, leaves little doubt that the derivative 
is monomeric and thus that the major oxidation product of 1-cysteinyltetraglycyl-1- 
cysteine is the cyclic monomer (II1; » = 4). Work is at present in progress with the 
object of preparing this compound in sufficient quantity for a detailed study of its properties. 

The compounds which have been isolated from the oxidation products of the five 


TapLe 1. Yields (%) of oxidation products of L-cysteinylpolyglycyl-L-cysteines {1). 
1 2 3 4 
Monomer (IIT) --- 15 40 90 
I f parallel (TV) oi adh aod 
‘need antiparallel (V) 80 55 — 
x 


Higher polymers _ 


< denotes that the compound was detected but not isolated. 
a, Greenstein ef al.& 4 obtained yields of up to 70%, at i 6-5 but only about 35%, at pH 8-5. 
b, Greenstein et al. ™* report a yield of about 35% at pH 8-5 (but see footnote, p. 3159), 


peptides (I; = 0—4) are listed in Table 1, together with the yields in which they were 
obtained; these, although only approximate, give some indication of the proportions of 
the various products. The ease with which these large rings, up to 42-membered in the 
case of the cyclic trimer from L-cysteinyldiglycyl-L-cysteine, are formed is very remarkable, 
as also is the absence of substantial amounts of linear high polymers. 

The tendency for formation of the cyclic monomer at pH 8-5 clearly increases in passing 
from the dipeptide (I; m «= 0) to the hexapeptide (1; m = 4). Inspection of models shows 
that the molecules of the cyclic monomers (III) become much less congested as the number 
of glycine residues increases, there being, in consequence, more and more conformations in 
which the peptide linkage can adopt the preferred érans-configuration ; }* it seems likely 
that this decreasing congestion as the peptides become larger is responsible for the observed 
results. The formation of the cyclic monomer with a 20-membered ring (III; = 4) as 
the main oxidation product of L-cysteinyltetraglycyl-1-cysteine is completely analogous 
to the behaviour of oxytocin, which contains a similar 20-membered disulphide ring formed, 


/~\ 


on oxidation and reduction,’ from two L-cysteine residues separated by four other amino- 
acid residues '*-—behaviour which was of fundamental importance in its synthesis. It is 
also noteworthy that the same type of 20-membered ring (or “ loop ’’) is also found in 


'* Pauling, Corey, and Branson, Proc, Nat. Acad. Sci. U.S.A., 1951, 837, 205. 

'? Sealock and Du Vigneaud, J. Pharmacol., 1935, 64, 433; Gordon and Du Vigneaud, Proc. Soc. 
Exp. Biol. Med., 1953, 84, 723. 

is ~ Vigneaud, Ressler, and Trippett, J, Biol. Chem,, 1953, 205, 949; Tuppy and Mich], Monatsh., 
1053, 84, 1011 

* Du Vigneaud, Ressler, Swan, Roberts, and Katsoyannis, J]. Amer. Chem. Soc., 1954, 76, 3115. 
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insulin * and in vasopressin. It is clearly of interest to determine whether cyclic 
monomer formation is maximal when # = 4, whether it is affected by side-chains present 
in the amino-acid residues separating the two L-cysteine residues, and whether the form- 
ation of the larger disulphide rings is subject to the remarkable pH effect observed by 
Greenstein and his colleagues *™ in the case of L-cysteinyl-1-cysteine; work on these 


problems is in hand. 
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(XV) 


It is noteworthy that we have not found any parallel cyclic polymers, such as (IV). 
In the first stage of polymerisation it seems probable that, owing to interaction (salt- 
formation or hydrogen bonding) between amino- and carboxyl groups, pairs of peptide 
molecules will come together at unlike, rather than like, ends. Establishment of the first 
disulphide linkage will then result in a structure in which the two peptide chains, in their 
fully extended forms, can readily be brought, by inter-chain hydrogen-bonding, to lie side 
by side in a position favourable to closure of the second disulphide linkage, as in (XIV). 
Completion of the process would lead to the formation of the antiparallel cyclic dimer (V). 
Formation of the parallel cyclic dimer (IV) seems likely to be more difficult. In the first 
place, the necessary establishment of a disulphide linkage between like ends of two pees 
molecules is less probable than the formation of such a linkage between unlike en 
in the second place, the resulting structure is less prone to inter-chain hydrogen-bonding 
(ef. (XV)], and hence less likely to assume a conformation favourable to closure of the 
second disulphide linkage. In this connexion it is perhaps significant that insulin, which 
has a parallel structure, is not effectively regenerated by re-oxidation of its reduction 
product.*4 It may well be possible to establish conditions under which parallel cyclic 
polymers are formed; such conditions would clearly be of importance for any projected 
synthesis of insulin and we are, for this reason, actively seeking them. 


EXPERIMENTAL 


Unless otherwise stated, paper chromatography was carried out with butan-1-ol-pyridine- 
water (2: 1:2) on Whatman No, 1 filter paper. Apparatus of the Durrum type (Shandon 
Scientific Co. Ltd.) was used for paper electrophoresis. Spots were detected by treatment with 
ninhydrin and sometimes also with cyanide-nitroprusside.™ N-2: 4-Dinitrophenyl derivatives 
were estimated colorimetrically in aqueous pyridine with a Spekker photoelectric absorptiometer 
and Ilford Spectrum Violet filters (No. 601). 

Disulphide Interchange Reaction of Bis-N-2 : 4-dinitrophenyl-.-cystine and -Cystine,— Bis-N- 
2 : 4-dinitrophenyl-.-cystine * and .-cystine were heated together under the conditions 
indicated in Table 2. In the qualitative experiments (Nos. 1—8) the resulting solutions were 
examined by paper chromatography for bis-N-2 : 4-dinitrophenyl-_-cystine (R, 0-51; yellow, 


2% Du Vigneaud, Lawler, and Popenoe, J. Amer, Chem. Soc., 1963, 76, 4880; Du Vigneaud, Gish, and 
Katsoyannis, tbid., 1954, 76, 4761; Archer and Chauvet, Biochim. —— Acta, 1963, 12, 487. 

* Du Vigneaud, Fitch, Pekarek, and Lockwood, J. Biol. Chem 1932, 94, 233; Freudenberg 
and Wegmann, 2. siol. Chem., 19365, 283, 159. 

* Toennies an olb, Analyt. Chem., 1951; 23, 823. 

* Porter and Sanger, Biochem. J., 1948, 48, 287, 
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ninhydrin-negative), mono-N-2: 4-dinitrophenyl--cystine (R, 035; yellow, ninhydrin- 
positive), and L-cystine (Ry 0-06; colourless, ninhydrin-positive), In the quantitative experi- 
ments (Nos. 9 and 10) aliquot parts were removed from time to time, evaporated to dryness 
under reduced pressure, applied to paper in acetic acid, and chromatographed as usual; the 
spots corresponding to the mono- and the bis-dinitrophenyl derivative were eluted with aqueous 


Tape 2. Disulphide interchange between bis-N-2 : 4-dinitrophenyl-.-cystine 
and \-cystine. 


Keactants (moles /1.) 


: m Solvent, 
Expt. Bis-DNP Thioglycollic ¥, of ACOH 
no cystine Cystine acid H (% by vol.) Temp. Time reqd. for interchange 
0-002 0-002 , 44 No interchange within 2 hr 
0-002 0-002 , . : 2 hr 
0-002 0-002 ’ 3- 30 min 
0-001 O-oO1 ° é <12 hr. 
0-007 0-008 , 30 min 
0-004 0-004 . ‘ <I hr 
0-003 0-003 ° , 5 min.* 
0-002 0-002 ° . 2 hr 
0-029 0-029 . See Fig. 2, curve A 
O-Ol2 O-O12 “ See Fig. 2, curve B 
* Two additional spots (ity ca. 0-15, colourless, ninhydrin-positive, and Ry ca, 0-8, yellow, nin- 
hydrin-negative), probably the mixed disulphides of thioglycollic acid with cysteine and dinitro- 
phenylcysteine, respectively, appeared on the chromatograms from this experiment. 


pyridine and the solutions submitted to colorimetry, The results are summarised in Table 2 
and Fig. 2; hydrochloric acid was used in all experiments except No. 8, in which sulphuric acid 
was used 

Oxidation of L-Cysteinyl-_-cysteine,-(a) S-Benzyl-L-cysteinyl-S-benzyl-L-cysteine * (300 mg.), 
in liquid ammonia (60 ml.), was treated with sodium (120 mg.) until the blue colour was permanent. 
Acetic acid (0-3 ml.) was then added and the ammonia allowed to evaporate. The residue was 
dissolved in water (10 ml.), the pH brought to 8-5 with ammonia, and a current of air passed 
through the solution until the nitroprusside test was negative. The solution was then 
neutralised with acetic acid and evaporated to dryness under reduced pressure, The residue 
was triturated with ethanol, and the solid oxidation product (100 mg., 61%) filtered off and 
washed with ethanol, 

Paper chromatography, with phenol saturated with water, showed the presence of three 
components (Jt, 0-0, 0-45, and 0-64), the fastest-moving being the major one, Paper electro- 
phoresis, with 5n-acetic acid on Whatman No. 5 paper, showed the presence of at least three 
components; better separation was achieved with n-acetic acid, four components being visible. 

Similar results were obtained when the peptide concentration during the oxidation was 
varied between 0-1% and 1-0%,. 

(b) S-Benzyl-_-cysteinyl-S-benzyl-L-cysteine (500 mg.) was similarly debenzylated and the 
product oxidised in 1% solution at pH 85, The crude evaporated product, in 2n-sodium 
carbonate (5 ml.), was shaken at room temperature with 2; 4-dinitrofluorobenzene (0-4 ml.) for 
2hr. The mixture was then filtered and extracted with ether. Acidification of the residual 
aqueous solution precipitated the 2: 4-dinitrophenyl derivative (170 mg., 36%), which was 
collected and washed with a little cold water, 

Difficulty was experienced in the paper chromatography of this material and its components. 
When it was applied as a spot in the usual manner little movement occurred and the chromatogram 
was a mere streak extending from a position close to the origin (see Fig. 4, points for 0, 1, and 
5 min.) Satisfactory separation was, however, achieved when the material was applied as a 
rather heavy band extending across the whole width of a narrow strip of paper (see Fig. 3); this 
technique was used in all paper chromatographic experiments with this material. This 
unexplained behaviour was not shown by the dinitrophenyl derivatives derived from the oxid- 
ation products of other cysteinylpolyglycylcysteines (see, for example, Fig. 5). 

A paper chromatogram of the crude dinitrophenyl derivative had the appearance shown in 
Fig. 3; band 4 was by far the most intense, Elution and rechromatography of bands 1, 2, 
and 3 gave only bands 1, 2, and 4. Bands 1 and 2 were shown by direct comparison to be 
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2: 4-dinitroaniline and 2: 4-dinitrophenol, respectively. Elution of bands 4—8 with aqueous 
pyridine and colorimetric estimation showed the following distribution of material ; 


5 6 
19 il 


Column chromatography, on both cellulose and alumina, having proved fruitless, a larger 
amount (ca. 20 mg.) of the crude dinitropheny! derivative was chromatographed on thick paper 
(Whatman No. 3 MM), and the various components (bands 4-8) were eluted with aqueous 


Fic. 3. Chromatogram of the dinitrophenyl 
derivatives from the oxidation product of L- 
cysteinyl-L-cysteine (I; n = 0). 
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pyridine and isolated by evaporation of the eluates in a vacuum-desiceator over sulphuric acid. 

The material from band 4 was purified by further paper chromatography (KR, 0-42) and the 
product (ca, 3 mg.) heated at 100° with 1; 1 acetic acid-20%, hydrochloric acid, From time to 
time a little of the solution was spotted on to paper. After addition of a marker spot, from a 
solution prepared by heating L-cystine (1 mg.) and N-bis-2 : 4-dinitrophenyl-L-cystine (1 mg.) 
in 1:1 acetic acid-20% hydrochloric acid at 100° for 1 hr., the chromatogram was run as 
usual, After spraying with ninhydrin and heating as usual the chromatogram had the 
appearance shown in Fig. 4. The yellow spots, 2, 0-7, are due to 2; 4-dinitrophenol, produced 
by some hydrolysis, and no doubt this hydrolysis is responsible also for the additional colourless, 
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ninhydrin-positive spots with Ry, 0-06—0-07 and 0-1. The three marker spots are cystine 
(2, 0-06), monodinitrophenylcystine (R, 0-39), and bisdinitrophenylcystine (A, 0-58). 

More material from band 4 (ca. 1 mg.) was hydrolysed, as just described, for 10 min. and the 
product subjected to paper chromatography. The yellow, ninhydrin-positive band, Ry, 
0-30-35, was oxidised on the paper with performic acid (from formic acid and 20-vol. hydrogen 
peroxide). After an hour at room temperature, the product was eluted and again subjected to 
paper chromatography. Three spots appeared having FR, 0-08 (colourless and ninhydrin- 
positive), Ry 0:10—0-22 (yellow and ninhydrin-negative), and Ry, 0-3 (yellow and ninhydrin- 
negative). The first and the third were shown, by direct comparison, to be L-cysteic acid and 
N-2: 4-dinitrophenyl-L_-cysteic acid, respectively. The second spot was eluted, hydrolysed 
overnight at 100° with 20% hydrochloric acid, and rechromatographed; spots appeared with 
R, 0-08 (colourless and ninhydrin-positive) and R, 0-30 (yellow and ninhydrin-negative) and 
were shown by direct comparison to be L-cysteic acid and N-2: 4-dinitrophenyl-1-cysteic acid, 
respectively. 

Oxidation of L-Cysteinylglycyl-_-cysteine,—(a) S-Benzyl-N-benzyloxycarbony]-.-cysteiny]- 
glycyl-S-benzyl-_-cysteine benzyl ester * (11; R = CH,Ph-O-CO, R’ = Ph-CH,, n = 1) (1-0g.), in 
liquid ammonia (40 ml), was treated with sodium (0-3 g.) in small portions with stirring. After 
addition of ammonium chloride (0-7 g.), the solution was evaporated and the residue dissolved 
in water (400 ml.). The pH was adjusted to 8-5 with barium hydroxide and a current of air 
passed through until the nitroprusside test was negative (90 min.). The pH was then brought 
to 7-0 with sulphuric acid and the solution filtered and evaporated to dryness under reduced 
pressure; recrystallisation of the residue from aqueous ethanol gave the oxidation product 
(350 mg., 87%) as a greyish solid, not entirely free from inorganic matter. Paper electro- 
phoresis in 5n-acetic acid showed two slow-moving ninhydrin-positive components and a third 
faster-moving one. 

(b) The same fully protected peptide (500 mg.) was similarly treated with sodium (230 mg.) 
in liquid ammonia (60 ml). Dry Zeocarb 225 (10 ml.) was added and the ammonia allowed to 
evaporate. The residue was extracted with water (2 x 20 ml.); after adjustment of the pH of 
the extract to 8-6 with hydriodic acid, air was passed through the solution until the nitro- 
prusside reaction was negative (3 hr.). The pH was then adjusted to 7-0 and ethanol (50 ml.) 
was added; the precipitated oxidation product (160 mg., 79%), collected by filtration, showed 
only one ninhydrin-positive component on paper electrophoresis in 5n-acetic acid, 

(c) The fully protected peptide (1-0 g.) was treated with sodium and liquid ammonia and the 
product oxidised as before, in 1% solution at pH 8-5. The resulting solution was brought to 
pH 7-0, treated with sodium hydrogen carbonate (300 mg.), and shaken mechanically for 2 hr. 
with 2: 4-dinitrofluorobenzene (300 mg.) in ethanol (30 ml.). Removal of the ethanol under 
reduced pressure, extraction with ether, and acidification of the residual aqueous solution 
precipitated the crude 2; 4-dinitrophenyl derivative (200 mg., 31%). Paper chromatography 
showed the presence of two components, Ry, 0-38 and 0-27, A similar product was obtained 
when the oxidation was carried out in 0-1% solution, 

The crude product was chromatographed on cellulose with fert.-amyl alcohol~butan-1-ol- 
water (1: 6:1); the yield of the faster-moving component (A) was 70% and that of the slower- 
moving one (B), 26%. 

The purified dinitrophenyl derivative (A) (10 mg.) was heated at 100° with acetic acid 
(0-26 ml.) and 20% hydrochloric acid (0-2 ml.), Portions were removed from time to time and 
spotted on to filter paper; after chromatography, spraying with ninhydrin, and heating, the 
chromatogram had the appearance shown in Fig. 5. In another experiment the dinitropheny] 
derivative (A) (0-2 mg.) was heated at 100° for 15 min. with acetic acid (0-25 ml.) and 20%, 
hydrochloric acid (0-2 ml.), The solution was evaporated to dryness under reduced pressure 
and the residue subjected to paper chromatography; elution of the band R, 0-25—0-30 and 
colorimetric estimation showed the yield of this initial hydrolysis product to be 80%. 

The purified dinitrophenyl derivative (A) (20 mg.) was heated at 100° for 15 min. with 
acetic acid (0-5 ml.) and 20% hydrochloric acid (0-4 ml.). The solution was then evaporated to 
dryness under reduced pressure and the residue taken up in 1% sodium hydrogen carbonate 
solution (2 ml.) and shaken for 2 hr. with 2; 4-dinitrofluorobenzene (10 mg.) in ethanol (1 ml). 
Removal of ethanol under reduced pressure and extraction with ether, followed by acidification, 
precipitated the bis-2; 4-dinitrophenyl derivative (XII) (20 mg., 73%), shown to be homo- 
geneous (/?, 0-48) by paper chromatography. This derivative (5 mg.) was left for 1 hr. at room 
temperature in performic acid (0-1 ml.) [from formic acid (6 ml.) and 20-vol. hydrogen peroxide 
(1 ml.)]. Paper chromatography afforded two bands; one (R, 0-3; yellow, ninhydrin-negative) 
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was shown by direct comparison to be 2 : 4-dinitrophenyl-t-cysteic acid; the cther (Ry, 0-13; 
yellow, ninhydrin-negative) was eluted with aqueous pyridine. The eluate was and 
the residue heated at 100° for 2 hr. with acetic acid (0-01 ml.) and 20% hydrochloric acid 
(0-02 ml.); paper chromatography then showed the presence of 2 : 4-dinitrophenylcysteic acid 
(R, 0-3) and glycine (R, 0-08). The bisdinitropheny! derivative (XII) (1 mg.) was heated at 
100° for 2 hr. with acetic acid (0-01 ml.) and 20%, hydrochloric acid (0-02 ml.); paper chrom- 
atography showed the hydrolysate to contain only bis-2 : 4-dinitrophenyl-.-cystine (Ry 0-50) 
and glycine (R, 0-08). 

The purified dinitrophenyl derivative (A) (10 mg.), in anhydrous dioxan (5 ml.), was treated 
with ethereal diazomethane (1 ml.; from methylnitrosourea, 2-7 mg.). After 15 min, at room 
temperature and 5 min. at 50°, the mixture was evaporated to dryness, Paper chromatography 
showed the presence of the original derivative (R, 0-42) and its mono- and di-methyl esters 
(R, 0-72 and 0-87). In a control experiment bis-2: 4-dinitrophenyl-t-cystine afforded 
unchanged material (R, 0-49) and mono- and di-methy! esters (#, 0-68 and 0-82). 

Oxidation of L-Cysteinyldiglycyl-.-cysteine —S-Benzy|- N - benzyloxycarbonyl-t -cysteinyl- 
diglycyl-S-benzyl-L-cysteine benzyl ester * (II; R = Ph°CH,°O-CO, R’ = Ph-CHg, m = 2) (1-0g.) 
was treated with sodium (450 mg.) in liquid ammonia (50 ml.) in the usual manner and the product 
oxidised by aeration at pH 8-5 in 1% solution. The solution was brought to pH 7-0 and then 
shaken for 2 hr. at room temperature with sodium hydrogen carbonate (230 mg.) and a solution 
of 2 : 4-dinitrofluorobenzene (250 mg.) in ethanol (30 ml.). Working up as usual gave the crude 
2 ; 4-dinitropheny! derivative. 

Paper chromatography showed the presence of the following components, in addition to 
5 mols. %, of 2 : 4-dinitrophenol : 

2 s] 4 
0-285 O-115 0-02—0-08 
30 38 10 


Components 1, 2, and 3 were separated on a larger scale by preliminary column chrom- 
atography on cellulose with fert,-amyl alcohol—butan-1-ol-water (1:5: 1) followed by paper 
chromatography with butan-1-ol-pyridine—water (2: 1:2), Each purified component (0-5 mg.) 
was heated at 100° for 15 min, with acetic acid (0-01 ml.) and 20% hydrochloric acid (0-02 ml.) ; 
paper chromatography showed that in every case the main product (45, 33, and 41% yield, 
respectively, from components 1], 2, and 3) was the same dinitrophenyl-.-cystinylglycine (X1) 
(R, 0-29) as was obtained similarly from the oxidation product of L-cysteinylglycyl-L-cysteine, 

Oxidation of 1-Cysteinyltriglycyl -1-cysteine.—S-Benzy|l-N-benzyloxycarbonyl-._-cysteiny]- 
triglycy|-S-benzyl-.-cysteine benzyl ester ® (II; R = Ph*CH,O’CO, R’ = Ph-CH,, m = 3) (100 
mg.), in acetic acid (4 ml.), was heated to 50° while dry hydrogen bromide was passed through the 
solution for 2hr. Ether precipitated S-benzyl-.-cysteiny]-triglycyl-S-benzyl-.-cysteine hydro- 
bromide (80 mg., 98%), shown to be homogeneous by paper chromatography (FR, 90-60). 
This pentapeptide (50 mg.) was reduced, and oxidised in 1% solution, and the product con- 
verted into the 2 : 4-dinitrophenyl derivative (43 mg., 93%) in the usual manner. 

Paper chromatography showed the presence of two components, Ry, 0-33 (41 mols. %) and 
R, 0-17 (59 mols. %). These were separated by larger-scale paper chromatography and each 
(0-5 mg.) was heated at 100° for 15 min. with acetic acid (0-01 ml.) and 20% hydrochloric acid 
(0-02 ml.). In both cases paper chromatography showed the main product to be the dinitro- 
phenyl!-.-cystinylglycine (XI) (Rt, 0-30). 

Oxidation of -Cysteinyltetraglycyl-1-cysteine.—(a) S-Benzyl-N-benzyloxycarbonyl-t - 
cysteiny!-tetraglycyl-S-benzyl-L-cysteine benzyl ester * (II; R « Ph°CH,O-CO, R’ « PhCH,, 
n == 4) (100 mg.), in acetic acid (4 mL), was heated at 50° while dry hydrogen bromide was 
passed through the solution for 2 hr. Ether (40 ml.) precipitated S-benzyl-.-cysteinyl-tetra- 
glycyl-S-benzyl-L-cysteine hydrobromide (50 mg., 60%), which was chromatographically 
homogeneous (Ry, 0-59). This, reduced, oxidised, and treated with 2: 4-dinitrofluorobenzene 
in the usual manner, afforded a 2: 4-dinitrophenyl derivative (40 mg., 92%), shown by 
paper chromatography to be homogeneous (R, 0-375). This derivative (1 mg.), was heated 
at 100° for 15 min. with acetic acid (0-1 ml.) and 20%, hydrochloric aeid (0-2 ml.); paper 
chromatography again showed the main hydrolysis product to be the dinitrophenylcystinyl- 
glycine (XI) (2, 0-30). 

(b) In another experiment the hexapeptide hydrobromide (70 mg.) was treated with sodium 
(30 mg.) in liquid ammonia, Dry Zeocarb 225 (2 ml.) was added and the mixture evaporated to 
dryness. The residue was taken up in water (5 ml.) and filtered. The pH was brought to 8-5 
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with hydriodic acid, and air bubbled through the solution for 3 hr., after which the pH was 
brought to 7-0 with aqueous ammonia, Addition of ethanol precipitated the oxidation product 
(40 mg., 90%); paper electrophoresis in 5n-acetic acid showed the presence of 3 minor in 
addition to the major component, Conversion of this mixture into the 2: 4-dinitrophenyl 
derivative in the usual way afforded a chromatographically homogeneous product (J, 0-35), 
identical with that obtained directly by procedure (a). 


We are indebted to the Department of Scientific and Industrial Kesearch for a maintenance 
allowance (to J. A, §.) and to Imperial Chemical Industries Limited and The Clayton 
Aniline Co, Ltd, for loans and gifts of apparatus. We also thank Dr. F. C. Hooper, who carried 
out, at the Imperial College, London, many preliminary experiments on the oxidation of 
L-cysteinyl-_-cysteine, 

Cot_ece ov TecHnoLocy, University OF MANCHESTER, 
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608. .m.f. Measurements in Acetone-Water Mixtures; the Cell 
H,(Pt)|HClAgCl-Ag. 
By D. Fraxins and C, M. Frencu, 


Standard potentials of the cell H,(Pt)|/HCl|/AgCl-Ag in 5, 10, 20, and 40%, 
solutions of acetone in water are reported, and their relation to the dielectric 
constant of the solvent discussed. Activity coefficients of hydrochloric acid 
in these mixtures are given for the range 0-003—0-1M. Some comments are 
made on the hydrogen electrodes used in the work. 


Tue properties of the cell H,(Pt)|HCl| AgCl-Ag have been examined in mixtures of water with 
alcohols, glycols, glycerol, dioxan, glucose, and fructose. (Standard potentials are listed, 
with references, by Robinson and Stokes.! For recent work see Harned and Allen * and 
Claussen and French.***) The present work was undertaken partly to remedy the lack of 
measurements in ketone~water mixtures, in particular for comparison of the standard 
potentials in acetone-water mixtures with those in the other solvents, where the organic 
components are mainly hydroxylic. The results of measurements in 5, 10, 20, and 40%, 
solutions (w/w) of acetone in water are now presented. 

Moore and Felsing * attempted to measure e.m.f.’s in the above cell, using a 10%, solution 
of acetone in water. They were unable, however, to obtain steady and reversible hydrogen 
electrode potentials in this medium. Our early experiences with the conventional platinum- 
black electrodes substantially confirmed this and it was found necessary to develop a 
modified form of hydrogen electrode for use in ketone-water mixtures.® 


EXPERIMENTAL 

..m.f.'s were measured by using a Pye Precision Vernier potentiometer, in conjunction with 
a high-sensitivity galvanometer, Three cells based on Harned and Morrison's design’ were 
measured concurrently in each experiment, and were immersed in a water thermostat at 25°4- 0-05°. 

In making a measurement, the cell solution was first saturated with hydrogen, and then 
forced into the cells under hydrogen pressure. The flow of hydrogen through the cell liquid 
was then started, and the electrodes inserted in place of ground-glass stoppers. This procedure, 
although open to the objection that momentary contamination of cell solution with air occurs, 
is unlikely to cause error, since the solutions do not oxidise, and the hydrogen-electrode com- 
partment is rapidly cleared of air by the hydrogen stream. 

' Robinsos and Stokes, “ Electrolyte Solutions,” Butterworths Scientific Publications, London, 
p. 467 
* Harned and Allen, J, Phys, Chem., 1954, 68, 191 
* Claussen and French, Trans, Faraday Soc., 1956, 61, 708 
* Idem, ibid., p. 1124. 
* Moore and Felsing, J. Amer, Chem. Soc., 1947, 68, 1076. 
* Feakins and French, Chem. and Ind., 1964, 1107, 
’ Harned and Morrison, Amer. J. Sei., 1937, 88, 161. 
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Hydrogen electrodes were prepared from sheets of platinum foil 2-5 « 0-8 cm.*, mounted in 
standard cone joints. Before use the foil was polished with the rounded end of a glass rod on a 
plate glass sheet, warmed in 50% aqua regia until the polish was just destroyed, warmed in 
concentrated nitric acid to remove adsorbed chlorine, and then washed successively in tap-water, 
conductance water, and the cell solution, and introduced into the cell immediately. 

Silver-silver chloride electrodes were prepared by Brown's method * (for details see Claussen 
and French 4), 

Vapour-pressure measurements were made by the static method described by Hovorka and 
Dreisbach.* Densities were measured in a density bottle with ground-on cap. 

Hopkin and Williams's “ AnalaR "’ acetone was purified by Werner's method.” It was 
shaken with silver oxide, filtered, dried (ignited K,CO,), and distilled through a 3-ft, column 
packed with Fenske helices. Substantial head and tail fractions were rejected; nf 13591 
(lit.,"! mi? 1-35916), a2 0-7903 (lit.,* a? 0-7906), b. p. (760 mm.) 56-2° (lit., 56-2”). 


DISCUSSION 

Although the essential features of our unplatinised hydrogen electrodes have already 
been discussed,® some further points may be of interest. 

Everett and Rasmussen ™ successfully used a platinum-black electrode in pure acetone 
solutions of hydrochloric acid, and found no reduction after 24 hours’ passage of hydrogen. 
Reduction of acetone in aqueous acid solution in the presence of platinum black has been 
demonstrated by Foresti,!* and the present authors checked the possibility by hydrogenation 
at atmospheric pressure. In a typical experiment, a 40°, solution of acetone in water, 
containing about 0-1M-hydrochloric acid, was shown to effect reduction at a slow but definite 
rate equivalent to about 1% per hour at 25°, in the presence of platinum black. Such 
reduction would explain the erratic results found in aqueous acetone with platinised 
electrodes. The bare electrodes were perfectly satisfactory, except in the higher acid 
concentrations of the 40°/, mixtures, where even the bare platinum appeared to cause some 
reduction. Apart from this, the bare electrodes would appear to be sufficiently active to 
act as hydrogen electrodes, but not to reduce the acetone. 

The readings in the high acid concentrations of the 40°, mixture (0-01—0-IM) were 
difficult to obtain. As is usual with hydrogen electrodes, apparently identical treatment 
resulted in slight variations of activity among electrodes, and some results were obtainable 
with the less active ones. Although the value given for the standard potential is considered 
reliable, the activity coefficients in the higher acid concentrations must be regarded as less 
trustworthy. The limit of usefulness of the bare electrode, as here described, is probably 
reached in the 40°, mixture. 

The catalytic activity of oxidised platinum is well known, but that polishing alone will 
impart considerable activity to a platinum foil * does not appear to be generally known. 
It is usually assumed that polishing, if anything, increases the overpotential, yet we could 
readily realise the reversible hydrogen potential at polished electrodes, Such electrodes 
were only slightly less sensitive than the etched electrodes, 

This behaviour is not unreasonable in view of the properties of a polished surface, which 
may be considered as highly amorphous and of greater surface energy than an unpolished 
one. Both on steric grounds, since such a surface might contain an assortment of atomic 
spacings, and energetically, one might expect the various hydrogen-electrode processes to 
be facilitated. Various authors 117 studying the anodic oxidation of platinum and other 
metals postulated a more or less oxidised surface which, on initial reduction, was in an 
amorphous form and which slowly reverted to a more ordered state, losing its activity. 

* Brown, J. Amer. Chem. Soc., 1934, 56, 646. 

* Hovorka and Dreisbach, ibid., p. 1664. 

© Werner, Analyst, 1933, 68, 336. 

't Tomonari, Z. phys. Chem., 1936, B, 32, 202. 

' Grunert, Z. anorg. Chem., 1927, 164, 257. 

” Griffiths, J., 1962, 1326. 

4 Everett and Rasmussen, J., 19564, 2812. 

'* Foresti, Atti XX VII Riunione, Bologna, Soc. ital, Progresso Sci., 1939, 6, 346-352. 


'® Bowden, Proc. Roy. Soc., 1929, A, , 446 
‘7 Butler and Drever, Trans. Faraday Soc., 1936, 32, 427. 
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Butler and Drever *7 considered that anodic oxidation affected only the surface layer of 
atoms in platinum, but that the effect was more far-reaching in palladium, where definite 
oxides were formed. Be this as it may, the amorphous Beilby layer is usually considered 
to be of the order of 50 A thick, and the disturbing effects of polishing to extend much deeper. 
Furthermore, we have found that after being repeatedly etched, without intermediate 
polishing, an electrode became too inactive to enable the reversible potential to be obtained. 
Visually the foil had a rough, somewhat crystalline appearance, in contrast to the filmy 
grey surface of an electrode which had been polished before being etched. This perhaps 
suggests that the oxidation process is concerned primarily with an amorphous, or partly 
amorphous layer, and will not occur so readily when this has been removed, in this case 
by repeated action of aqua regia. 

It is noteworthy that, in the earlier stages of this work, gold-plated electrodes were 
used on which to deposit the platinum black. Completely satisfactory electrodes for use 
in acetone-water mixtures could not be obtained in this way, but their activity in the re- 
duction of acetone was greatly reduced, compared with that of electrodes prepared without 
the preliminary gold-plating. Furthermore, a more satisfactory electrode was obtained if 
the platinum foil was kept highly polished. Earlier workers (¢.g., Britton '*) attached im- 
portance to the nature of the electrode surface in connection with measurements in reducible 
systems. More recently Ives and his co-workers ™* have shown that the electrode base 
may play an important part in the hydrogen-electrode processes. 

The results of e.m.f. measurements in hydrochloric acid solutions of different molalities 
in the four solvents are given in Table 1, which also includes values of the total vapour 
pressure for each solvent mixture, found in this work, compared with the figures given in 
International Critical Tables, and the dielectric constants given by Allbright * and Akerléf.™ 
Akerléf's values have been used for calculation. The value for the 5%, solution was 
obtained by interpolation between the values for the 10°, solution and pure water. 

If E,,° is the standard potential of the cell on the molal scale, then 


Rok. -Oine ee 


where y, is the mean molal activity coefficient, and E the observed e.m.f. corrected to 


760 mm. pressure, 
The extended Debye~Hiickel theory gives 


log yoy, = —Act/(1 + dBel) + B’m — logy, (14+ 0-002M,ym) . . (2) 


where M,y = 100/[X/M, + (100 — X)/My), where X is the weight °% of acetone, and 
M, and My are the molecular weights of acetone and water, respectively. The other 
symbols have their usual meaning. 

Substituting this expression in equation (1), and rearranging, we have : 


Ey” = E + 2k logygm — 2kAct/(1 4- dBct) — 
2k logig(l + 0-002M,ym) + 2kB'm . . (3) 


where 2h «= 2 *« 2:3026R7/F = 0-1183. 
If we substitute a quantity Z,’ for the first four terms on the right-hand side of (3) we 
obtain 


Ex? = Eg! + 2kB’m 


The plot of EZ,’ against m should yield a straight line of negative slove — 2kB’, from which 
the salting-out constant B’ may be determined. Extrapolation to zero molality willgive E,,’. 

A value of 4-3 A being used for the ionic parameter d, straight lines were obtained over 
the concentration range 0-003-—0-1M, in all cases. The standard potentials and values of 


'* Britton, “ Hydrogen Ions," Chapman and Hall, London, 1932, 2nd. edn., p. 34. 
* Hills and Ives, /., 1961, 305. : 

*” Cousens, lves, and Swaroopa, J,, 1955, 3482. 

*! Allbright, /. Amer. Chem. Soc., 1937, 69, 2098. 

* Akerlot, ibid., 1932, 64, 4125. 
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B’ were obtained from these lines, which were plotted by the method of least squares. 
It is then clear that for each solvent concentration, the experimental values of the activity 
coefficients may be represented by equation (2) with the appropriate value of B’. This is 
a more expeditious method of obtaining “ smoothed "’ activity coefficients than the usual 
procedure of smoothing the activity coefficients calculated directly for each reading against 
the molality, and is justifiable since the graph of E,’ versus m is a straight line. Onlyina 
few cases are the deviations of individual points from the straight lines as great as 0-2 mv. 
The standard potentials are probably accurate to +-0-1 mv or better. The values of 


TABLE lI. 


Molality E.m.f. Molality E.m.f. Molality E.m.f. Molality 
(m) BY (E) (m) (v) (EB) (m) (v) () (m) 
5%, Acetone. «= 75-9 be mare 4 ~ Pp. = 10% Acetone. ¢€ = 73-1,%! 73-0; V. p. 
47-7 + 0- 1 mm.; E,,° = 0-2190 -+ O-1 mm. (lit. 65 + 4mm.); Ey” «~ 02166, Vv 

0-004022 0-5058, 0-02202 > 4224, 0-003257 05132 0-02425 

0-004887 04963 0-03326 0-4024, 0-004143 06-6012 0-02933 

0-005022 0-4949, 0-04250 0-3905, 0-005234 04897, 0-04128 

0-005894 04870 0-06640 0-3692 0-006687 04777 006372 

0-007121 04777 0-08142 0-3594 0-007203 0-4741 0-06733 

0-008311 04701 0°1046 0-3472 0-007828 0-4698, 6-08060 

0-009292 04645, 0-1106 0-3447, 0-009255 0-4617 0-1023 0- 3455 
001356 04461, 0-01306 04431, 


% Acetone. ¢ = 67-6,%! 67-0; V. p, = 105-7 40% Acetone. ¢ = 565-7," 54-6;% V. p. = 165-5 
+ O-l mm, (lit. 104 + 4mm_); E,,° = 0-2079, v. + Ol mm. (lit. 149 4+ 4mm,); E,”° ~ 01869, v 

0003194 05070 001546 , 0003238 04856, 0-01201 

0-004141 04940, 0-02977 D 0-004081 04742, 002023 

0-006162 04745, 06-4139 ° 0-005000 04645 0-03917 

0-006609 0-4712 0-05754 0-3666, 0-005868 04566, 006385 

0007021 04682, 007327 . 0-006717 04503, 0-08311 

0-008210 0-4605, 0-09591 0- 0-007689 04436 01074 6 

0-009432 04535, 0-1289 0- 3282, 0-008718 04376 06-1166 0-3172 

0-01097 0-4463, 


TABLE 2. 

Acetone (%) 5 10 20 
A 0-6838 0: 6638 06425 
B 00-3404 03559 
B , O16 0-17 

Density (d,) é 0-9837 0-9606 

m == 0-002 == Qe . 0-948 0-041 
0-005 “ . 0-024 0-913 
0-01 90 D 0-896 0-884 
0-02 . . 0-865 0-850 
0-05 . . O-B17 0-799 
Oo | . . 0-780 0-768 


A, B, B’ are given, together with the activities at rounded concentrations calculated from 
(2), for the four solvent mixtures, in Table 2. 

It has been noted .4 that, if the standard potential is plotted against 1/e for different 
organic solvent-water mixtures, three definite families of curves are obtained: for the 
monohydric alcohols, the glycols and glycerol, and the sugars. The plot of E,,” against 1/e 
for acetone-water mixtures is virtually a straight line, as with, e.g., the sugars and glycerol. 
The 5%, and 10%, acetone values fall effectively on the same smooth curve as the results 
for aqueous iso- and m-propanol. There is, however, considerable deviation from this 
curve with the values for the 20% and 40°/, acetone solutions. 

A plot of Ex — 0-05915 log Ny against 1/e, where Ey’ = Ey,° — 01183 log (1000/M,,), 
which demonstrates a close relation between the monohydric alcohols,* shows that for 
acetone-water mixtures, the curve lies considerably above those for the alcohols, even at 
low acetone concentrations. 

The salting-out coefficients are of the order usually found in this type of system except 


3 Crockford, U.S. Bur. Stand., 1951, Circ, No. 614 
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that for the 40%, solution the value is low. In view of the experimental difficulties ex- 
perienced with this solution, it would be wrong to attach too much significance to this value, 
in the absence of confirmation by studies in, say, a quinhydrone cell. 

A more complete discussion of the standard potentials obtained here will be undertaken 
later in conjunction with the results for other similar systems now being studied. 


Thanks are due to Dr. M. F. Ansell for suggesting, and to the late Mr, M. E. Selleck for 
assisting with, the hydrogenation experiments, We are indebted to the University of London 
and the Chemical Society for grants which have partially defrayed the cost of the investigation. 
One of us (D. F.) thanks the D.S.I.R. for a maintenance allowance received during the early 
part of the investigation, 


Queen Mary Coti_ece, University or Lonpon, 
Mite Ewp Koap, Lonpon, E.1. [Recewed, February 28th, 1956.) 


609. The Chemistry of the Triterpenes and Related Compounds. 
Part XXIX.* The Chemistry of Butyrospermol. 


sy M. C. Dawson, T. G. HALSALL, E. R. H. Jones, 
G. D. Meaxins, and P. C. PHicvips. 


Butyrospermol has been shown to be 92(H)-eupha-7 ; 24-dien-36-ol (XII). 
The configuration at C,,, is discussed, 


SUTYROSPERMOL was first characterised as such by Heilbron, Jones, and Robins ' who 
isolated it from shea-nut fat, although it is now certain that basseol, which was earlier 
isolated from the same source by Heilbron, Moffet, and Spring * is identical with it.*° 
It is a tetracyelic diethenoid secondary alcohol with an easily hydrogenable double bond 
present in an isopropylidene group.! The other double bond could not be hydrogenated 


but it reacted with perbenzoic acid, Seitz and Jeger * confirmed these results and prepared 
the hydrocarbon butyrospermene corresponding to dihydrobutyrospermol. They con- 
cluded from the infrared spectrum of the hydrocarbon that the less reactive double bond 
was fully substituted, 

Dawson, Halsall, Jones, and Robins * found that the less reactive double bond was 
isomerised under mild acidic conditions (treatment with chloroformic hydrogen chloride 
for two hours), the dihydro-acetate giving dihydroisobutyrospermy! acetate. The double 
bond in the isomer was reported as being unreactive towards perbenzoic acid although it 
is now clear that this observation was erroneous. The evidence described above together 
with the similar light absorption intensities in the ultraviolet region of dihydrobutyro- 
spermol and its isomer led to the suggestion that the isomerisation was analogous to that 
of lanosteny! acetate to isolanostenyl acetate with the double bond moving from a tetra- 
to a tri-substituted position.’ 

Careful examination of the infrared spectra of a number of derivatives of dihydro- 
butyrospermol and dihydrotsobutyrospermol showed that in the former group there were 
always bands at ca. 830 cm.-! characteristic of a trisubstituted bond,’ but that in the case 
of the latter bands did not appear at this frequency, indicating that the double bond was 
now tetrasubstituted (cf. Table). The ultraviolet absorption data referred to earlier are 
equally consistent with this new conclusion provided that the trisubstituted double bond 
is exocyclic and the tetrasubstituted double bond is endocyclic. 


* Part XXVIII, J/., 1956, 2004. 


' Heilbron, Jones, and Robins, /., 1949, 444. 
Heilbron, Mottet, and Spring, /., 1934, 1583. 
Dawson, Halsall, Jones, and Robins, /., 1953, 586. 
Dawson, Halsall, oo Meakins, and Phillips, Chem. and Ind., 1955, 918. 
Irvine, Lawrie, McNab, and Spring, /., 1956, 202y. 
Seitz and Jeger, Helv. Chim in, 1949, 82, 1626. 
Bellamy, “ The Infra-Red Spectra of Complex Molecules,’ Methuen and Co. Ltd., London, 1954, 
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Infrared absorption frequencies (in cm.~) of bands between 800 and 850 cm." 
(in carbon disulphide). 
Dihydrobutyrospermone 818w, 827m, 835s Dihydrobutyrospermy!] acetate .., 826m, 8400w 
Dihydrobutyrespermol ... 827m, 840w (in Nujol) Dihydroisobutyrospermyl acetate no band 
Dihydroisobutyrospermol no band (EX) 


lien dihydrobutyrospermyl acetate was treated with an excess of perbenzoic acid in 
chloroform the main product was an a$-unsaturated ketone which was, rather surprisingly, 
7-oxoeuph-8-enyl acetate (I). This result, together with the infrared spectral data, is 
consistent only with diiyydrobutyrospermol's being either (11; R = H) or (IIL; R =H), 
i.¢., having a euphane-type structure. The unsaturated ketone (1) is probably formed 
via the diene acetate (IV), produced from the initial epoxide by traces of hydrogen chloride 
present in the chloroform used as solvent, The diene then forms a 7: 8-epoxide which 
rearranges to (I). With only one mol. of perbenzoic acid the dihydro-acetate (II or II]) 
was converted into the diene acetate (IV). With this knowledge the identification of 
dihydroisobutyrospermyl acetate * as euph-8-enyl acetate (V) *"! quickly followed. In 
addition dihydrobutyrospermyl acetate was isomerised by platinum in acetic acid in 
hydrogen to euph-8-enyl acetate (V). 

‘This observation explains why ‘‘ dihydrobasseol acetate '’ (bassenyl acetate) ™ and 
dihydrobutyrospermy] acetate are not identical. The latter was formed by hydrogenation 
of butyrospermy! acetate in a neutral solvent (ethyl acetate) when only the isopropylidene 
grouping is affected. The former was prepared by hydrogenation of basseol (butyro- 
spermyl) acetate in acetic acid. Under these conditions isomerisation of the nuclear 
double bond should occur and euph-8-enyl acetate should be formed. ‘' Dihydrobasseol 
acetate "’ has in fact been shown to be euph-8-enyl acetate.) 

At first sight the formation of euph-8-enyl acetate from dihydrobutyrospermy] acetate 
by acidic isomerisation is surprising since it is well known that euph-8-enyl acetate is 
converted by acids into isoeuphenyl acetate.“ However, the experimental conditions in 
the two cases are quite different, euph-8-enyl acetate being formed from dihydrobutyro- 
spermyl acetate by treatment with chloroformic hydrogen chloride for two hours, whereas 
the conversion into isoeuphenyl acetate requires several days. Use was made of these 
differences to prove that isobutyrospermy! acetate *® is eupha-8 : 25-dienyl acetate (VI), 
Euphy! acetate (VII) was treated with chloroform—hydrogen chloride for two hours, Under 
these conditions only addition of hydrogen chloride to the isopropylidene group should 
occur. The resulting product was dehydrochlorinated with boiling dimethylaniline, 
conditions which are known to lead to the formation of the isopropeny! group,’ and eupha- 
8 : 25-dienyl acetate (VI) was obtained. It was identical with isobutyrospermy]l acetate, 

At this stage in our work Professor F. S. Spring kindly informed us that he and his 
colleagues had also concluded that dihydroisobutyrospermy! acetate was euph-8-eny! 
acetate and that they considered dihydrobutyrospermol to be (II), (III), or (VIII).* 
The last structure can, however, be excluded. Treatment of dihydrobutyrospermol 
with phosphorus pentachloride brings about the typical retropinacolinic dehydration to 
give the hydrocarbon (IX) which gives acetone on ozonolysis. The ultraviolet absorption 
spectrum of (IX) shows the absence of the diene chromophore which would be expected 
if (VIII) were correct. 

The position of the nuclear double bond in butyrospermol was next shown to be as in 
(II). Dihydrobutyrospermyl acetate was isomerised in alcohol-free chloroform with 
deuterium chloride to give a deuterated euph-8-enyl acetate which has to be either (X) 
or (XI) depending on whether butyrospermol is (11; R = H) or (II1; RH). The 
presence of deuterium in the isomerisation product was indicated by the band at 2143 

* Barton, McGhie, Pradhan, and Knight, Chem. and Ind., 1954, 1325; J., 1965, 876. 

* Arigoni, Viterbo, Diinnenberger, Jeger, and Ruzicka, Helv. Chim. Acta, 1954, 37, 2306 

Ménard, Wyler, Hiestand, Arigoni, y tag and Ruzicka, ibid, 1955, 38, 1517. 
Warren and Watling, Chem. and Ind., 1956, 24 

Beynon, Heilbron, and Spring, J 1937, 969. 

Dupont, Dulou, and Vilkas, Bull. Soc. chim. France, 1949, 16, 809 


Vilkas, Dupont, and Dulou, ibid., p. 813. 
Irvine, Lawrie, McNab, and Spring, Chem, and Ind., 19565, 626 
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cm.! in its absorption spectrum determined in carbon tetrachloride. Oxidation of this 
deuteroeuphenyl acetate with chromic acid (2 atoms of oxygen per molecule of euphenyl 
acetate) in acetic acid gave 7-oxoeuph-8-enyl acetate (1). The infrared spectrum of this 
ketone, determined under precisely the same conditions as were used for the determination 


Ci 
‘ 


(Vit) 


of the spectrum of the starting material, revealed that it contained no deuterium. The 
conclusion to be drawn is that the deuteroeuphenyl acetate is (X), the deuterium at C,,) 
being lost on oxidation to the 7-oxo-derivative, and hence that dihydrobutyrospermy! 
acetate is (IL; R = Ac) and butyrospermol (XII). 

This conclusion can be criticised on the following grounds, If the conversion of euph- 
8-enyl acetate into the 7-oxo-derivative involves the formation of the intermediate eupha- 
7: 9(11)-dienyl acetate then the deuteroeuphenyl acetate might be (XI) which it must 
be assumed loses deuterium stereospecifically during the formation of the diene, The 
final product would then be void of deuterium. However, this critism is not valid as it 
has been shown that the main path followed by the oxidation reaction does not involve 
the diene. 

Euph-8-enyl acetate (V) was oxidised with chromic acid (just over 2 atoms of oxygen 
per molecule of euphenyl acetate) in acetic acid. The composition of the mixture of 
oxidation products, estimated on the basis of their different ultra-violet absorption maxima, 
was diene acetate (IV) (3%), «6-unsaturated keto-acetate (I) (36°), diketo-acetate (XITI) 
(30%), together with some starting material, the last being isolated chromatographically. 
When cupha-7 : 9(11)-dienyl acetate was oxidised under similar conditions, only | 
oxygen atom per molecule of diene being used to allow for its higher oxidation state, a 
product was obtained which contained 7: 11-dioxoeuph-8-eny] acetate (25%), starting 
material (diene, 45°), and only a trace of 7-oxoeuph-8-enyl acetate. These compounds 
account for only about 75%, of the chromic acid used. It is likely that other products, 
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e.g., epoxides such as (XIV), which do not absorb ultraviolet light above 2200 A were 
present. Evidence for this suggestion was obtained by treating the oxidation product 
with boron trifluoride in ether; the amount of 7: 11-dioxoeuph-8-enyl acetate was thea 
raised to ca. 30%, and that of 7-oxoeuph-8-enyl acetate to 6%. It is possible that some 


be 


Lar 
Sa ce 


(XID) (XID) (XIV) 


7: \1-dioxoeuphany! acetate was also present if it is assumed that the oxidation proceeds 
in the manner shown. 


From these results it is clear that if chromic acid oxidation of euph-8-enyl acetate 
proceeds predominantly to the diene acetate which is subsequently oxidised, the ratio of 
7: 11-diketone to 7-ketone in the final product should be at least 5:1. [nm fact, the 
amount of the 7-oxo-derivative exceeds that of the 7: 11-dioxo-derivative, while only 
a small amount of eupha-7 : 9(11)-dienyl acetate is formed. It is clear that the oxidation 
of euph-8-enyl acetate can proceed to only a small extent through the 7 : 9(11)-diene. 

With the structure of butyrospermol now restricted to the two Cy) epimers of (XII) 
there remains the problem of the configuration at C,,. Barton, McGhie, Pradhan, and 
Knight * have shown that Wolff-Kishner reduction of 7-oxoeuph-8-enyl acetate followed 
by reacetylation gives a A’-euphenyl acetate. This is not identical with dihydrobutyro- 
spermy! acetate, and hence derivatives of both the C,) epimers are known. 

One striking feature of the chemistry of butyrospermol is that on oxidation of the 
hydroxyl to a keto-group there is an unusual negative shift in rotation (AM, ~ -—-120°), 


3176 Dawson, Halsall, Jones, Meakins, and Phillips: Chemistry of 


similar to those found with cyeloartenol (XV) ™ 17 and eyclolaudenol (XVI).1* Barton ™ 
has suggested that this correlation may be significant. Another similarity between cyclo- 
artenol and butyrospermol is that the corresponding ketones give only a very slight colour 
when subjected to the Zimmermann test (cf. Barton and Seoane ®), One unique feature 
of cycloartenol and cyclolaudenol as compared with other tetracyclic triterpenes is a 96- 
substituent and in a preliminary communication * we tentatively suggested that the 96- 
epimer of (XII) was to be preferred for butyrospermol. Evidence may, however, be 


(XV); R = CyH,, (XVII) 
(XVI); R= CoH, 


CoH, 


(XVII) (XIX) (XX) 


deduced from other molecular-rotation data which points to the 9a-configuration. If 
¥a(H)-euph-7-enyl and 96(H)-euph-7-enyl acetates (XVII) and (XVIII) are regarded as 
a pair of substituted 3-alkyleyclohexenes (cf. XIX and XX) then the one with the more 
negative rotation should be the 96-isomer (XVIII) corresponding to (XX) (cf. Mills **). 
The molecular rotations of dihydrobutyrospermyl acetate and of the A’-euphenyl acetate 
obtained by Wolff-Kishner reduction are -+-62° and — 202°, and on this basis butyrospermol 
would be given the 9a-configuration. Inspection of models indicates that only the 96- 
epimer (XVIII) can exist in an all-chair type conformation and should be the more stable. 
Unfortunately, it is not known whether the Wolff-Kishner product is the more stable 
epimer because the mechanism of the reduction probably involves a cyclic transition state 
(cf. XXI) and such reactions do not always lead to the more stable isomer. At present 
therefore more evidence is required before a final decision on the configuration at Cy, 
can be made, 


EXPERIMENTAL 


Rotations were determined in chloroform at room temperature. M. p.s were determined 
on a Kofler block. The alumina used for chromatography had an activity I—II unless other- 
wise stated. Light petroleum refers to the fraction with b. p, 60-—80”. 


'* Barton, Page, and Warnhoff, /., 1954, 2715. 
'’ Irvine, Henry, and Spring, /., 1956, 1316 

'* Henry, Irvine, and Spring, tid., p. 1607, 

'* Barton, /., 1961, 1444. 

*” Barton and Seoane, J., in the press. 

*! Mills, /., 1952, 4976. 
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Butyrospermol was isolated from shea-nut fat by the method of Heilbron ef al". Dihydro- 
butyrospermyl acetate was more readily prepared by taking the second crop of crystals obtained 
from the acetylation of the non-saponifiable matter from shea-nut fat (cf. ref. 1) and hydro- 
genating it in ethyl acetate, using a platinum catalyst. The resulting mixture of unchanged 
f-amyrin acetate and dihydrobutyrospermyl acetate was then easily separated, the latter 
being more easily eluted. 

Reduction of Dihydrobutyrospermone with Sodium Borohydride._ Sodium borohydride (40 mg.) 
in a little water was added to dihydrobutyrospermone (156 mg.) in dioxan (40 c.c.), and the 
mixture was kept at 20° for 1-5 hr. After dilution with water, extraction with ether yielded a 
product (136 mg.) which was adsorbed from benzene on alumina (15 g.). Elution with Dbenzene- 
ether (1: 1; 200c.c.) gave dihydrobutyrospermo! which after crystallisation from nitromethane 
had m. p. 113-5—115°, undepressed on admixture with an authentic sample (m. p. 114-5-—116°), 
fal, —14° (ec, 1-05). 

Action of Phosphorus Pentachloride on Dihydrobutyrospermol..-Phosphorus pentachloride 
(600 mg.) was added to dihydrobutyrospermol (856 mg.) in dry light petroleum (80 ¢.c.). After 
evolution of hydrogen chloride had ceased (5 min.) water was added. The light petroleum 
phase was washed several times with water, dried (Na,5O,), and run on to alumina (40 g.). 
Elution with light petroleum (200 c.c.) gave a fraction (814 mg.) which was crystallised from 
ethyl acetate-methanol, giving y-butyrospermadiene (IX), m. p, 79-—81-5°, (a|, —49° (c, 1-06) 
(Found ; C, 87-95; H, 12-35. CyoHyo requires C, 87-75; H, 12-25%). 

Ozonolysis of y-Butyrospermadiene (1X).-~y-Butyrospermadiene (204 mg.) in acetic acid 
(100 c.c.) was treated with ozonised oxygen for 15 min. at 20°. Water (100 c.c.) and ferrous 
sulphate (ca. 1-0 g.) were added and 80 c.c. of the mixture were distilled into a solution of 2: 4- 
dinitrophenylhydrazine (500 mg.) in methanol (20 c.c.) containing concentrated sulphuric acid 
(2 c.c.). After dilution of the distillate with water (100 c.c.) extraction with benzene afforded 
a 2: 4-dinitrophenylhydrazone which was adsorbed from dry benzene on alumina (20 g.), 
Elution with benzene (100 c.c.) gave a fraction (97 mg 82%, yield), m. p. 120-—127°, which 
gave (from methanol) acetone 2: 4-dinitrophenylhydrazone, m. p, 126--127°, undepressed on 
admixture with an authentic specimen (Found: N, 23-85. Calc. for CyHO,N,: N, 23-55%). 

Conversion of Dihydrobutyrospermyl Acetate into 7-Oxoeuph-8-enyl Acetate.-A solution of 
perbenzoic acid in chloroform (36%; 3 c.c.) was added to dihydrobutyrospermyl acetate 
(313 mg.) in chloroform (5 c¢.c.). After being kept at 20° for 72 hr. the mixture was worked up 
in the usual manner, yielding a gum (340 mg.) which was adsorbed from benzene on alumina 
(30g.). Elution with benzene yielded a fraction (186 mg.) which was crystallised from methanol, 
giving 7-oxoeuph-8-en-36-yl acetate as needles, m. p. 168-—-171°, undepressed on admixture with 
an authentic sample, [a], + 35° (c, 0:53) (Found: C, 70-15; H, 11-5. Cale. for CyglH,,0, : 
C, 793; H, 108%). Light absorption in ethanol: Max., 2550 A; e 10,200. 

Conversion of Dihydrobutyrospermyl Acetate into Lupha-7 : 9(11)-dienyl Acetate,Dihydro- 
butyrospermy] acetate (365 mg.) in chloroform (6 c.c.) was treated with a 4%, solution of per- 
benzoic acid in chloroform (2 c.c.), and the mixture kept for 3 days at 20°, After being washed 
with sodium hydroxide solution and water the solution was evaporated to give a gum which 
was adsorbed from benzene on alumina (activity II; 35 g.). Elution with benzene-ether 
(9: 1) gave eupha-7 : 9(11)-dienyl acetate as needles, m. p. 107-5--110° (after several crystal- 
lisations from methanol-ethyl acetate), undepressed on admixture with an authentic sample 
fa}, 94° (c, 1-01). Light absorption: Max., 2325 and 2395 A, © 15,850 and 17,400; 
inflexion 2470 A, ¢ = 11,500. 

Catalytic Isomerisation of Dihydrobutyrospermyl Acetate.--Dihydrobutyrospermyl acetate 
(40 mg.) in acetic acid (20 c.c.) was shaken with a platinum catalyst (150 mg.) in an atmosphere 
of hydrogen. After filtration and dilution with water, ethereal extraction gave a product 
which was crystallised several times from ethanol to give euph-8-enyl acetate (dihydroiso- 
butyrosperm yl acetate) as needles, m. p. 124-—126°, undepressed on admixture with an authentic 
sample of euph-8-enyl acetate, depressed on admixture with dihydrobutyrospermy! acetate, 
[a], + 33° (c, 1-24). The infrared spectrum of the product was identical with that of authentic 
euph-8-enyl acetate. 

Conversion of Euphyl Acetate into isoButyrospermyl Acctale--Dry hydrogen chloride was 
passed through a solution of euphyl acetate (400 mg.) in chloroform (10 ¢.c.) at 0° for 2 hr. 
After removal of the solvent the product was heated under reflux in dimethylaniline (6 c.c.) for 
24 hr. After cooling and addition of light petroleum the dimethylaniline was removed by 
washing with dilute hydrochloric acid, The product was then isolated with light petroleum. 
It was crystallised four times from ethanol giving isobutyrospermy! acetate (eupha-8 : 25-dienyl 
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acetate) as needles, m. p, 104-5-—-106°, undepressed on admixture with isobutyrospermy] 
acetate, (a), +37° (c, 1-48), The infrared spectra of isobutyrospermyl acetate and of the 
product from euphy| acetate were identical. 

7£-Deuteroeuph-B-enyl Acetate.—Dihydrobutyrospermy! acetate (325 mg.) was dissolved 
in dry alcohol-free chloroform (10 c.c.) and 2 drops of deuterium oxide were added. The solution 
was cooled to 0° and a stream of deuterium chloride was passed through it for 24 hr., with 
intermittent shaking. After removal of the solvent, the product was crystallised, giving 
7-deuteroeuph-8-enyl acetate as needles (from ethanol), m. p. 127--128-5°, [a], -+-34° (c, 1-62). 

Oxidation of 1%&-Deuteroeuph-8-enyl Acetate.-7—-Deuteroeuph-8-enyl acetate (1-7 g.) was 
oxidised with chromic acid in acetic acid in essentially the same manner as for euph-8-enyl 
acetate (see below). The oxidation product was adsorbed on alumina (170 g.) which was 
first eluted with light petroleum—benzene (1; 1; 1 1) and benzene (1-21), Further elution 
with benzene (1100 c.c.) and benzene-ether (19:1; 750 c.c.) gave 7-oxoeuph-8-enyl acetate 
(115 mg.), m. p. 164—-168° (from methanol), undepressed on admixture with an authentic 
sample. Light absorption: Max., 2546 A; ¢ = 10,500. The absence of any light absorption 
at 2143 cm." (determined in carbon tetrachloride) showed that there was no deuterium in 
the compound 

Oxidation of Luph-8-enyl Acetate,-Euph-8-enyl acetate (2 g.) in acetic acid (90 c.c.) was 
treated dropwise at 20° with a solution of chromic acid in 90% acetic acid (9c¢.c.; = 2-25 atoms 
of oxygen per molecule of euph-8-enyl acetate), The mixture was kept at 50° for 44 hr. After 
dilution with water, extraction with ether yielded a gum (2 g.) which was subjected to ultra- 
violet spectrographic analysis. This indicated the presence of 7-oxoeuph-8-enyl acetate 
(46%), 7: 11-dioxoeuph-8-enyl acetate (30%), and eupha-7: 9(11)-dienyl acetate (3%). 
The gum was adsorbed from light petroleum on alumina (200 g.). Benzene-—light petroleum 
(1: 1) eluted unchanged euph-8-enyl acetate (175 mg.). The 7; 11-dioxo-derivative (580 mg.) 
was next eluted with benzene (900 c.c.), and then further elution with benzene (1400 c.c.) and 
benzene-ether (19; 1; 600 c.c.) gave 7-oxoeuph-8-enyl acetate (435 mg.), m. p. 166—-169° 
(from methanol), 

Oxidation of Eupha-7 : 9(11)-dienyl Acetate.—Chromic acid in 90% acetic acid (0-87 c.c. 

1 atom of oxygen per molecule of triterpene) was added dropwise to eupha-7 : 9(11)-dieny! 
acetate (460 mg.) in acetic acid (20 ¢.c.) at 20°, The mixture was then heated for 4 hr. at 50°, 
After dilution with water, extraction with ether yielded a yellow gum (440 mg.), whose ultra- 
violet spectrum indicated that it contained eupha-7 : 9(11)-dienyl acetate (45%), 7: 11-dioxo- 
euph-8-enyl acetate (ca, 26%), and a trace of 7-oxoeuph-8-enyl acetate. The product was 
dissolved in dry ether (10 ¢.c.), boron trifluoride-ether (0-2 c.c.) was added, and the mixture 
was kept overnight at 20°, The solution was then worked up in the usual manner to give a 
yellow gum (430 mg.) whose ultraviolet absorption spectrum indicated that it contained eupha- 
7: 9(11)-dienyl acetate (45%), 7 : 11-dioxoeuph-8-eny] acetate (28-30%), and 7-oxoeuph-8-enyl 
acetate (about 6%). 

Zimmermann Test.—-A solution of the requisite ketone in ethanol (0-2 c.c.; 0-15% w/v) 
was treated with alcoholic potassium hydroxide (0-2 c.c.; 14% w/v) and alcoholic m-dinitro- 
benzene (0:2 ¢.c.; 116% w/v), and the mixture was kept at 25° for either 5 or 60 min. It was 
then diluted to 10 ¢.c. with ethanol and its light absorption between 3000 and 6000 A deter- 
mined, A blank experiment was also carried out, the solution being used in the compensating 
cell of the spectrophotometer, 

Two of the authors (M, C. D. and P. C, P.) are indebted to the Department of Scientific and 
Industrial Research for maintenance grants. Thanks are due to Mr. E. S, Morton for micro 
analyses 
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610. The Condensation Products of Malononitrile and Certain 
Cyclic Keto-amines. 
By P. I. Itrveranw and Freperick G. MANN. 


Malononitrile condenses with Il-substituted 1; 2: 3; 4-tetrahydro-4- 
oxoquinolines to give bright red derivatives of the merocyanine type. 1: 6- 
Dioxojulolidine and certain substituted derivatives may similarly condense 
with one or two equivalents of the nitrile to give deep red and purple products 
respectively. The properties, structures, and photographic sensitisation of 
these products are briefly discussed. 


Ir has been shown by McElvain and Lyle! that 1-methyl-4-piperidone condenses with 
malononitrile to give (l-methyl-4-piperidylidene)malononitrile (I), which was isolated 
solely as the pale yellow hydrochloride since the base polymerised immediately upon 
liberation. In contrast to this, we find that 1: 2:3: 4-tetrahydro-l-methyl-4-oxo- 
quinoline * (Il; R == Me) condenses with malononitrile¢ to give the intensely red 4-dicyano- 
methylene-1 ; 2 : 3: 4-tetrahydro-l-methylquinoline (III ; R = Me): the l-phenyl ketone # 


C(CN), C(CN), Ni C-C=CiN™ 


Oi ams Ses 


K 
(1) (i) (it) (IIIA) 


C(CN), Ni C*C=C:N™ 
S 


+c 
N N 
Me Me 


(IV) (V) (VA) 


(II; RK = Ph) similarly gives the deep red product (JI1; R = Ph). There is little doubt 
that af colour of these condensation products (III) is due to the fact that they are struc- 
turally of the merocyanine type, 4.¢., that they exist mainly as the polar form (IITA), in 
which the o-quinonoid ring and resonance involving the two nitrile groups determine the 
colour, Further; possibly because of this salt-like character, they possess considerable 
stability, unlike the piperidone derivative (I): for example, an ethanolic solution of the 
compound (III; R = Me), when treated dropwise with concentrated hydrochloric acid, 
deposited the unchanged solute; the colour of the ethanolic solution was unaffected by 
dilution with ethanolic hydrogen chloride, and the solution, when then evaporated at room 
temperature, again afforded the unchanged solute. 

We have failed to condense malononitrile with 1 : 4-dihydro-1-methyl-4-oxoquinoline 
(echinopsine) (IV); this was not unexpected, as this compound, unlike the tetrahydroquinol- 
ine (II; RK = Me), shows no normal ketonic properties and does not react with methyl 
iodide in boiling methanol.* Catalytic dehydrogenation of the compound (III; R = Me) 
furnished however the desired product (V), which has been previously prepared by the 
action of malononitrile and sodium ethoxide on the methiodide of quinoline and of 4- 
chloroquinoline.t The yellow colour of the compound (V), in marked contrast to the red 
colour of (III; R = Me), indicates that the benzenoid polar form (VA) makes a greater 

' McElvain and Lyle, J. Amer. Chem. Soc., 1950, 72, 384. 

* Allison, Braunholtz, and Mann, J., 1964, 403. 


* R. C. Cookson and Mann, /,, 1949, 67. 
* Leonard and Foster, J Amer. Chem. Soc , 1952, 74, 2110 
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contribution than the o-quinonoid form to its structure. N-Methylacridone also failed to 
condense with malononitrile, undoubtedly for analogous structural reasons. 

The interaction of malononitrile and various 1 : 6-dioxojulolidines is of particular 
interest. 1: 6-Dioxojulolidine® (VI; KR! =< R* =H) reacted with the nitrile (2-4 
equivalents) to give a mixture of the deep red 1I-dicyanomethylene derivative (VII; 
K! — R* =H), and the deep purple 1: 6-bisdicyanomethylene derivative (VIII; 
kK! .. R®~ H). In these two derivatives the charge separation is undoubtedly similar 
to that shown in the form (IIIA), and systematically they are therefore also merocyanines. 
7-Methyl-1 : 6-dioxojulolidine ® (VI; KR! =< Me, R* =H) however gave only the red 
|-dicyanomethylene derivative (VII; R= Me; R* =H) and 7: 9-dimethyl-1 : 6- 
dioxojulolidine (VI; R! «= R* < Me) did not react with malononitrile. 

These results can be correlated with those of Braunholtz and Mann,’ who showed that 
1 : 6-dioxojulolidine did not condense with 2-methylbenzothiazole ethiodide even under 
“ forcing’ conditions, and 7-methyl-1 : 6-dioxojulolidine reacted with enly one keto- 
group under these conditions to give the cyanine iodide (IX). They argued that activation 
of the keto-groups in L : 6-dioxojulolidine by the 7-methyl group was necessary for the 
condensation, but that, although this methyl group would activate both keto-groups, it 


(NC), 


would afford considerable steric hindrance to the 6-keto-group and that the cyanine iodide 
therefore probably had the structure (IX), Our results with malononitrile show clearly 
that the 7-methyl group does obstruct the reaction of the 6-keto-group with certain 
reagents, and that methyl groups in the 7- and the 9-position similarly obstruct both 
keto-groups. Further evidence for this obstruction is now provided by our failure to 
condense 7: 9-dimethyl-1 : 6-dioxojulolidine (VI; R! =< R® — Me) with the ethiodide 
under the “ forcing’ conditions employed by Braunholtz and Mann.’ There is very 
little doubt therefore that the structure (IX) has been correctly assigned to the cyanine 
iodide (see also p, 3182), 

his steric hindrance obviously cannot be exerted by substituents in the 8-position. 
Consequently we find that both 8-chloro- and 8-phenyl-1 ; 6-dioxojulolidine ® give deep red 
1-dicyanomethylene derivatives and dark purple 1 : 6-bisdicyanomethylene derivatives. 

The light-absorption and sensitising properties of many of the above compounds have 
been investigated by Imperial Chemical Industries Limited, Dyestuffs Division. In a 
chloro-bromide emulsion they are all feeble sensitisers. Their most interesting property 
is that in all cases the sensitising maximum occurs at a lower wavelength than the absorption 
maximum : the possible significance of this property is discussed more fully in the detailed 
report (p. 3183) 

* Mann and Smith, /., 1951, 1808 


* Braunholtz and Mann, J., 1953, 1817 
* Idem, ]., 1956, 308 
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EXPERIMENTAL 


The preparation of the compounds (II; R = Me)*, (II; R Ph)§, (IV)*, 1 : 6-dioxojuloli- 
dine ** and certain of its substituted derivatives * has been described in earlier papers. 

7: 9-Dimethyl-1 : 6-dioxojulolidine (VI; R* = R* = Me).--(a) A mixture of 3; 5-dimethyl- 
aniline (12-1 g.), vinyl cyanide (13-2 g., 2-5 mols.), acetic acid (12 g.), and freshly prepared cuprous 
chloride (1-2 g.) was boiled under reflux for 4 hr., and the cold brown mobile liquid then added 
cautiously to aqueous ammonia (100 c.c.; d 0-88). The pale brown precipitate, when washed 
with water and recrystallised from ethanol, afforded NN-bis-2-cyangethyl-3 : 5-dimethylaniline, 
colourless crystals, m. p. 130° (Found; C, 74:2; H, 7-3; N, 186. C,,H,,N, requires C, 74-0; 
H, 7-5; N, 18-56%) (18 g., 79%). In the absence of cuprous chloride the yield fell to 23%. 

Two derivatives were prepared for characterisation. (i) Addition of a slight excess of 
aqueous sodium nitrite to a solution of this compound in hydrochloric acid at 0° gave a reddish- 
brown solution, which when basified deposited NN-bis-2-cyanoethyl-3 : 5-dimethyl-4-nitroso- 
aniline, green plates, m. p. 190°, after crystallisation from ethanol (Found: C, 65-6; H, 5-9; 
N, 22-1. C,,H,ON, requires C, 65-6; H, 6-25; N, 21-09%). (ii) A solution of the dinitrile 
(3 g.) and potassium hydroxide (4 g.) in water (20 c.c.) and ethanol (10 c.c.) was boiled under 
reflux for 4 hr. ‘The clear cold solution, when acidified with concentrated hydrochloric acid, 
slowly deposited the crystalline NN-bis-2-carboxyethyl-3 : 5-dimethylaniline hydrochloride, m. p. 
203° (decomp.) (Found: C, 55-5; H, 66; N, 48. C©,,H,,O,N,HCI requires C, 55-8; H, 6-6; 
N, 46%). 

(b) A mixture of the dinitrile (10 g.), powdered anhydrous aluminium chloride (36 g.), 
o-dichlorobenzene (40 c.c.), and concentrated hydrochloric acid (1-5 c.c.) was heated at 150-—160° 
(bath-temp.) for 4 hr., with stirring until the mixture became too viscous, The mixture was 
treated with ice-water, and the solvent removed with steam, The aqueous residue, on cooling, 
deposited the crude crystalline 7 : 9-dimethyl-1 : 6-dioxojulolidine (V1; R! = R* = Me), which, 
when washed with water and recrystallised from ethanol, formed yellow needles, m. p. 168-—-169° 
(Found ; C, 72-9; H, 6-4; N,63,. C,,H,,0,N requires C, 73-3; H, 6-55; N, 61%) (8 g., 80%). 
The use of chlorobenzene as a solvent in this reaction gave a 30%, yield of the diketone. 

The following derivatives were prepared, (i) The bisphenylhydrazone, prepared in ethanol 
containing acetic acid, separated in pale yellow crystals, m. p. 230° (decomp.), almost insoluble 
in all the usual solvents (Found: C, 76-3; H, 6-5; N, 17-25. CyglHy,N, requires C, 76-2; 
H, 6-6; N, 17-1%). (ii) The bis-2 : 4-dinitrophenylhydrazone formed deep red crystals which 
when heated decomposed over a wide range (Found: N, 21:3. Cy,H,,O,N, requires N, 21-4%). 
(iii) A solution of the diketone (0-5 g.) in aqueous ethanol (25 c.c.; 66% water) containing 
hydroxylamine hydrochloride (0-4 g., 2-5 mols.) and anhydrous sodium carbonate (1 g.) was 
boiled under reflux for 3 hr., and when cooled deposited the monoxime, pale yellow needles, 
m. p. 166° (decomp.) after crystallisation from ethanol (Found: C, 69:3; H, 7-0; N, 11-6. 
CygH ygO,N, requires C, 68-85; H, 6-6; N, 115%). When the amount of hydrochloride and 
carbonate was doubled in this experiment, the dioxime separated during the boiling, and afforded 
pale yellow crystals, m. p. 230° after crystallisation from ethanol (Found: N, 16-1, C,H,,O,N, 
requires N, 16-2%); a small yield of the more soluble monoxime could still be isolated from the 
mother-liquor. 

Condensation of Ketones with Malononitrile,—In all cases this condensation was effected by 
boiling a solution of the ketone, the nitrile, anhydrous ammonium acetate, and acetic acid in 
benzene under reflux in an apparatus by which the water formed in the reaction was auto- 
matically separated by azeotropic distillation.* } 

4-Dicyanomethylene-1 : 2: 3: 4-tetrahydro-\-methylquinoline (111; R = Me), A mixture 
of the ketone (II; R = Me) (1-6 g.), the nitrile (1 g., 1-5 mols.), acetic acid (1-5 g.), ammonium 
acetate (0-5 g.) and benzene (15 c.c.) was boiled in the above apparatus for | hr., the colour of 
the solution changing from yellow to deep red. Benzene and acetic acid were removed by 
distillation and the red oily residue, which solidified on cooling, when washed with water and 
recrystallised from methanol furnished the compound (III; RK = Me), bright intensely red 
crystals, m. p. 128° (softens at 120°) (Found: C, 74-8; H, 54; N, 20-0. C,,H,,N, requires 
C, 74:6; H, 5-3; N, 20-1%) (1 g., 50%). 

Use of the ketone (II; R = Ph) with boiling for 3 hr. gave the compound (III; RK = Ph), 
deep red crystals, m. p. 115°, after crystallisation from ethanol (Found: C, 70-55; H, 6-0; 


* Dean and Stark, Ind. Eng. Chem., 1920, 12, 486; Cope, Hofmann, Wyckoff, and Hardenbergh, 
J. Amer. Chem. Soc., 1941, 68, 3452. 
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N, 157. Cy gHygN, requires C, 79-7; H, 48; N, 15-5%): yield, 74%. These two compounds 
give bright red and deep red ethanolic solutions respectively 

4-Dicyanomethylene-1 ; 4-dihydro-\-methylquinoline (V).—-A mixture of the compound 
(III; K Me) (0-7 g.), 10% palladised charcoal (0-1 g.), and ethylene glycol (20 c.c.) was 
geutly boiled under reflux for 1 hr., the initial red colour changing to yellow. The filtered 
solution deposited the above compound (V), golden-yellow crystals (0-5 g.), m. p. 289-—2090 
(softening from 281°) after crys:allisation from ethylene glycol, and unaffected by sublimation 
at 260°/0-1 mm, (Found: C, 75-4; H, 4-55; N, 20-3. Cale. for C,,H,N,: C, 75-4; H, 435; 
N, 20-3%,) (lit.,4m. p, 201-5-—-202-5"). 

Derivatives of 1; 6-Dioxojulolidine,—(1) A mixture of the diketone (VI; R! «= R*? = H 
(2 g.), the nitrile (1-6 g., 2-4 mols.), ammonium acetate (0-5 g.), acetic acid (1-6 g.), and benzene 
(15 ¢.c,), when boiled as previously described for 1 hr. and cooled, deposited a mixture of red 
and purple crystals, These were collected, and concentration of the filtrate gave a further 
crop, mainly the red crystals, Fractional crystallisation from acetic acid gave the more soluble 
1 -dicyanomethylene-6-ox0julolidine (VII; Ki R* = H) (0-5 g.), deep red crystals, m. p 
178-180" (slight softening at 170°) (Found: C, 72:1; H, 43; N, 16-8. C,,H,,ON, requires 
C, 72-3; H, 44; N, 16-09%), and the less soluble 1 : 6-bisdicyanomethylene julolidine (VIII; 

Kk* — H) (1 g.), deep purple crystals, m. p, 205° (softening at 195°) (Found: C, 72-75 
H, 38; N, 23-35. CygH,,N, requires C, 72-7; H, 3-7; N, 23-6%). Repetition of this experi 
ment with the nitrile (3 mols.), heated for 2 hr., gave almost solely the product (VIII; 
kt Kk? H) (1-7 g.). These two compounds give red and purple solutions respectively 
in ethanol 

(2) Kepetition of experiment (1), using 7-methyl-1 ; 6-dioxojulolidine (VI; R* =< Me, 
ke Hi), gave on concentration a red oil which solidified when stirred with water, and after 
repeated crystallisation from methanol gave 1-dicyanomethylene-7-methyl-6-oxojulolidine (VII, 
Kt! «= Me, K* = H), deep red crystals, m, p, 180-—-182° (softens at 165°) (Found: C, 72-7; 
H, 51; N, 16-1. CyglHygON, requires C, 73-0; H, 49; N, 16-0%) 

(3) Kepetition of experiment (1), with 8-chloro-1 ; 6-dioxojulolidine and the nitrile (3 mols.), 
gave a mixture which, similarly recrystallised from acetic acid, furnished 8-chloro-l-dicyano 
methylene-6-oxojulolidine (as VII), deep red crystals, m. p. 198° (Found: C, 63-3; H, 3-5; 
N, 15-0. Cy gH ygON,Cl requires C, 63-5; H, 3-5; N, 148%), and 8-chloro-1 ; 6-bisdicyanomethyl 
enejulolidine (as Vill), brownish-purple crystals, m. p. 210-—-211° (Found: C, 65-2; H, 2-95; 
N, 21-1. Cyglty N,Ci requires C, 65-15; H, 3-0; N, 21-38%). When the period of heating was 
extended from | to 4 hr., the latter compound formed the major product. 

(4) The use of 1 : 6-dioxo-8-phenyljulolidine and the nitrile (3-2 mols.) furnished a mixture 
which on repeated crystallisation from acetic acid gave 1-dicyanomethylene-6-0x0-8-phenyl 
julolidine (as V 11), deep red crystals, m. p. 205° (Found; C, 77-9; H, 4-8. C,,H,,ON, requires 
C, 77-6; H, 46%. Low values for nitrogen were always obtained), and 1: 6-bisdi- 
cyanomethylene-B-phenyljulolidine (as VIII), deep purple crystals, m. p. 233° (Found: C, 77-4; 
H, 49; N, 187. CygHy Ny requires C, 77-2; H, 40; N, 188%), The analysis of this com- 
pound gave low values for carbon unless it was burnt at an unusually high temperature, which 
almost certainly caused the high hydrogen value. 

N-Methylacridone and 7; 9-dimethyl-1 ; 6-dioxojulolidine gave no condensation products 
under the above conditions, even with considerably extended periods of heating. 

Note on the Cyanine Iodide (1X).-—Braunholtz and Mann obtained this monohydrated salt, 
m. p. 288° (decomp.), by interaction of 7-methyl-1 : 6-dioxojulolidine (VI; RK! Me, R* = H) 
and 2-methylbenzothiazole ethiodide in boiling pyridine. Brooker and White * have shown 
however that the ethiodide alone in boiling pyridine gives rise to the cyanine iodide (X), m. p 
286—287° (decomp.), the crystalline appearance, m. p. and carbon, hydrogen, and nitrogen 
contents of which all approximate closely to those of the cyanine iodide (IX). The identity of 
Braunholtz and Mann's compound has now been placed beyond doubt by further analysis 
{found : S, 61. Cale. for the monohydrated iodide (IX): 5, 6-15. Calc. for the iodide (X) 
S, 12-7%), and by the fact that a mixture of the iodide (IX) and an authentic sample of (X) 
had m. p, 267--268° (decomp.) 

Photographic Properties -—We are greatly indebted to Imperial Chemical Industries Limited, 
Dyestufis Division, for the following report on certain of the above compounds, 

‘ The tabulated values were obtained for the absorption and the sensitising maxima, The 
absorption maxima were determined in 2-ethoxyethanol solutions (1 in 100,000, w/v), and the 


* Brooker and White, /, Amer. Chem. Soc., 1935, §7, 547 
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sensitisation maxima in chioro-bromide emulsions. All these compounds proved to be feeble 
sensitisers, and gave fog at higher concentration. 

“ The most noteworthy feature of these results is the uniformly negative shift which occurs 
from the sensitising maximum to the absorption maximum, Similar negative shifts have been 
observed in certain sensitisers capable of second-order (or ‘‘ J-band ’’) sensitisation,” and are 
usually attributed to a dimeric (or more highly associated) state of the dyestuff ; with increasing 
concentrations of sensitiser in the emulsion, one observes first-order sensitisation (small positive 
shift), then dimeric sensitisation (small negative shift), and finally second-order sensitisation 
(large positive shift). The sensitising maximum in such cases has also been shown to coincide 
with the absorption maximum of the dyed silver halide. The compounds listed in the Table 
have compact molecules which should be capable of aggregation, particularly as they cannot 


Absorption max Sensitisation Sensitisation 
Compound A (mp) lir‘e max, (my) extends to (my) 
(II; R Me) 472 1-03 445 
(lll; R 461 0-98 445 
(VII; R} Me, 469 12 465 
(VIIl; R} R* = H) 512 0-99 470 
(VIII; Rk} Ke? H, 8-Cl) 523 1-5 470 
(VIIL; Rk} k? H, 8-Ph) 529 0-7 470 


show the geometric isomerism of which many cyanine dyes are theoretically capable. It is 
possible that their ‘ dimeric ’ state is readily achieved on silver halide, but that concentrations 
sufficiently high to give second-order sensitisation have not been reached, because of the rapidly 
increasing and intolerable fog levels,”’ 


We gratefully acknowledge grants from the Asia Christian Colleges Association and the 
British Council (to P. I. I.), and also the gift of various intermediates from Imperial Chemical 
Industries Limited, Dyestuffs Division. 
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'° “ Fundamental Mechanisms of Photographic Sensitivity,” Bristol Symposium, Butterworth, 
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611. Jlon-exchange Studies of Solutions of Borates. 
By D. A. Everest and W. J. Porter. 


The sorption of borate ions on an anion-exchange resin in the chloride 
form from 0-6, 0-4, 0-2, and 0-02m-boron solutions * was studied, by means 
of equilibrium experiments, at pH ~5-6—11-5, It reached a maximum at 
pH values which depended on the boron concentration, 

Polyborate ions were sorbed from +0-2m-boron solutions at all but the 
highest pH values, the degree of condensation increasing with decreasing pH 
and increasing boron concentration. From the quantity of boron and 
chloride sorbed by the resin, it is calculated that there is sorption of a 
mixture of B,O,~, B,O,~ (or HB,O,*~), and monoborate ions, the relative 
amounts varying with the total boron concentration and the pH. The 
results appear to exclude the existence of a unique equilibrium in solution 
between HB,O,*~ and H,BO,~ existing over the whole pH range. 


Tue chemical constitution of aqueous solutions of boric acid has been much studied. 
In one of the first systematic investigations Kolthoff '* concluded from conductivity 
measurements of borate solutions that both tetra~ and penta-borate ions were present. 


* Throughout this paper, concentrations of borate solutions are given as molar with reference to 
single boron atoms; amounts given as ‘ moles of boron "’ have similar significance, 


1 Kolthoff, Rec. Trav. chim., 1926, 45, 501. 
* Kolthoff and Bosch, ibid., 1927, 46, 180. 
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Menzel, {rom cryoscopic and conductivity data, concluded that monoborate ions BO,~, 
tetraborate ions B,O,*", and pentaborate ions B,O,~ aq. were all present in aqueous 
borate solutions, the pentaborate ions being extensively dissociated. Thygesen,* by 
means of conductivity measurements on boric acid solutions, attempted to calculate the 
various dissociation constants K,, Ky, Ky, and K, for the hypothetical di-, tri-, tetra- and 
penta-boric acid: his calculated values of Ky had the greatest constancy, indicating 
that univalent triborate ions predominated in solution. However, for reasons which are 
a little obscure Thygesen considered that the presence of a mixture of univalent tetra- 
borate ions HB,O,~ and bivalent B,O,*~ ions would better explain his results. More 
recently the constitution of aqueous solutions of boric acid and borates has received much 
attention from the French schools of Souchay and of Carpeni. 

In their first publication Carpeni and Souchay,® following the previous theoretical 
treatment by Bye,* concluded, from a study of the neutralisation curves of solutions of 
boric acid between 0-03 and 0-262m, that B,O,~, HB,O,~, and BO,” ions were formed 
successively during the neutralisation. They emphasised that condensation of boric acid 
would be affected by two separate factors, the total boron concentration and the pH of 
the solution, the importance of which had not been fully appreciated by previous workers. 

Subsequently Carpeni has reconsidered these conclusions: in particular he has 
differently interpreted the point of intersection of the neutralisation curves of boric acid 
at various concentrations. This point, which he calls the isohydric point,’ is considered 
to show the existence in solution of an equilibrium between two, and only two, borate 
ions, one species being simple (H,BO,~) and the other condensed (HB,O,*").* The existence 
of the simple species is favoured by high pH values and by high dilution. Recently, 
in a more detailed study of borate solutions, he has found * that the position of the isohydric 
point is unchanged on varying the boron concentration from 0-O0lM to saturation, or on 
varying the temperature from 5° to 95°, also that at room temperature K B,O, is the borate 
salt in equilibrium with the isohydric solution, whilst at 85° and 95° it is K,HB,O,. He 
has again emphasised his view that only HB,O,*- and H,BO,~ ions occur in borate solutions. 

These revised conclusions of Carpeni have been strongly criticised by Souchay and 
others on theoretical grounds.!° The views of Souchay’s school on the nature of solutions of 
borates have been recently summarised and extended by Lourijsen-Teyssedre,™ who used 
pH measurements, partition coefficient data on the distribution of boric acid between 
water and pentyl! alcohol, and cryoscopic methods based on the depression of the transition 
point between sodium sulphate decahydrate and the anhydrous salt. 

Lourijsen-Teyssedre concluded that in boric acid solutions un-ionised HBO, molecules 
were largely present. On addition of alkali their concentration decreased, being offset 
by an increased concentration of Bs0,~, B,O,*~, and BO,” ions in solution. Initially it 
was the ByO,” ions which were the most quickly formed, their concentration reaching a 
maximum at an alkali: boron ratio of ca. 02:1 (for a 025m-boron solution), when 
about one-third of the total boron was present as B,O,~ ions. Further addition of alkali 
caused a rapid decomposition of these ions, which had entirely disappeared from solution 
at an alkali: boron ratio of ca. 0-4:1. The concentration of B,O,*~ ions reached a 
maximum at an alkali: boron ratio of ca. 0-5: 1, about 50°, of the boron then being 
present as this ion. At higher alkali: boron ratios the concentration of B,O,*~ ions 
decreased smoothly until it reached zero at an alkali: boron ratio of 1:1. The concen- 
tration of BO,” ions increased only slowly on the first additions of alkali, but at high 
alkali: boron ratios it became the most important borate ion in solution. Lourijsen- 
leyssedre also pointed out that the condensation of boric acid was concentration-dependent, 

* Menzel, Z. anorg. Chem., 1927, 164, 22. 

* Thygesen, ibid., 1938, 237, 101. 

* Carpeni and Souchay, J. Chim. phys., 1945, 42, 149. 

* Bye, Ann. Chim. (France), 1945, 20, 463; Compt. rend., 1045, 221, 99. 

’ Carpent, Compt. rend., 1948, 226, 807; Bull, Soc. chim. France, 1948, 505. 

* Idem, Compt. rend., 1949, 228, 80; Bull. Soc. chim. France, 1948, 629; 1950, 1280; 1952, 1010. 

* Idem, ibid., 1966, 1327. 

 Souchay, thid., 1951, 932; Souchay and Teyssedre, ibid., 1951, 938; Compt. rend , 1953, 236, 
1965; Lye, Bull, Soc. chim. France, 1953, 390; Souchay, ibid., 1953, 395 

‘* Lourijsen-Teyssedre, ibid., 1956, 1111. 
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an increase in the boron concentration causing corresponding increases in the proportion 
of condensed borate ions present. Below a boron concentration of ca. 0-lm no B,O,~ 
ions could be detected in solution, whilst the quantity of B,O,*~ ions was greatly reduced. 

This concentration-dependence of the condensation of boric acid is further illustrated by 
Stetten’s work.* He showed, by means of pH measurements, that in the concentration 
range 0-1—0-6m a polyboric acid existed in solution with an average composition of 3-2 
atoms of boron per molecule. This acid did not occur in <0-1M-solutions, 

In view of the success of ion-exchange methods in studying the condensation of germanic 
acid, ™ and of the close agreement of the resulting conclusions with those of Lourijsen- 
Teyssedre '* for germanate solutions (based on different experimental methods), it was 
considered that an ion-exchange study might throw new light on the condensation reactions 
of boric acid. Boric acid has been found to be sorbed by the strong-base anion-exchange 
resin Amberlite IRA-400 in the chloride form (cf. Costa and Camus ™); by measuring 
the amount of boron and chloride sorbed per equivalent of resin it has been possible to 
identify the various borate ions formed, and to obtain information concerning their 
behaviour on varying the pH or the boron concentration. 


EXPERIMENTAL 


Solutions.—Stock solutions (ca, 0-9, 0-6, 0-3, and 0-03mM) were prepared by dissolving 
Analytical Grade orthoboric acid in boiled-out distilled water. Samples (50 ml.) were adjusted 
to the required pH by sodium hydroxide solution and were then made up to a total of 75 ml. 
by water, giving solutions ca, 0-6, 0-4, 0-2, and 0-02m in boron. Chloride was added as resin 
chloride (ca, 3-0 milliequiv. of chloride per g, of resin), additional chloride being introduced as 
sodium chloride. 

Anion-exchanger.—Analytical Grafe Amberlite IRA-400 in the chloride form was used. 
It was prepared from the hydroxide form by treatment with 2n-hydrochloric acid, and was 
washed free from excess of acid and air-dried before use. 1-0 or 0-5 g. resin samples were used. 

Equilibrium Experiments.—Nine days were allowed for equilibration between solution and 
resin phase, each solution being mechanically shaken for at least 2 hr. each day, Experiments 
for longer times showed this to be adequate. The solution was then filtered through a dry 
column (1 cm, in internal diameter, 10 cm. long) containing a glass-wool plug. The filtrate was 
retained and used for analysis of the boron sorbed (by difference) and for pH measurements. 
The resin was then transferred to the column and rapidly washed with water (ca, 50 ml.) under 
suction, to prevent interaction between the resin and the partially diluted solution; a further 
300 ml. of water were then passed slowly through the column to complete the washing. All the 
washings were rejected. The chloride sorbed on the resin was eluted with 300 ml. of 2n-nitric 
acid during 8 hr. and determined in the eluate. The resin was then completely converted into 
the chloride form by treatment with 300 ml. of 2n-hydrochloric acid and washed free from excess 
of acid. Final elution with 300 ml. of 2n-nitric acid for 8 hr., and determination of the chloride 
so removed, gave the capacity of the resin sample used. The capacity was found to vary from 
sample to sample and the results have been expressed in moles sorbed per equiv, of resin. 

Analytical Methods.—-Boron was determined by first neutralising the solution to methyl-red 
by dilute hydrochloric acid, adding excess of glycerol, and titrating the solution to phenol- 
phthalein with standard sodium hydroxide, Chloride was determined gravimetrically as 
silver chloride. Measurements of pH were made with a commercial pH meter incorporating 
a glass electrode and a saturated calomel electrode. For strongly alkaline solutions a Cambridge 
Instrument Co.'s‘ Alki’ glass electrode was used. 


RESULTS 


The sorption of boron and of chloride from solutions containing 45, 30, and 15 mmoles of 
boron and, in each case, 1-5 milliequivs of chloride (the resin chloride from 0-6 g. of resin) in 


Stetten, Analyt. Chem., 1951, 23, 1177 

Everest and Salmon, J., 1954, 2438 

Idem, ]., 1955 1444, 
1® Lourijsen-Teyssedre, Bull. Soc. ch'm. France, 1965, 1118. 
'* Costa and Camus, Ann. Chim. (/ aly), 1966, 46, 598. 
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75 ml, of solution is illustrated (Figs. 1 and 2). For these ranges of concentration (0-6, 0-4, 
and 0-2m-boron) the sorption of boron reached a maximum at pH ca. 7-5, 8-0, and 8-5, and of 
chloride a minimum at pH ca. 8-5, 8-7, and 9-1 respectively. There was, therefore, a divergence 
between the pH values for these maxima and minima, this ‘‘ chloride shift ’’ increasing with 
increasing boron concentration, 

When 1-0 g, of resin and solutions containing 15 mmoles of boron and 4-0 milliequivs. of 
chloride in 75 ml. of solution were used (Fig. 2), the overall boron sorption was reduced and the 
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pH values for maximum boron and minimum chloride sorption were slightly higher than when 
only 1-5 milliequivs, of chloride were present, 

With only 1-5 mmoles of boron and 3-0 milliequivs. of chloride in solution the boron sorption 
was low, reaching a maximum at pH 9-4 whilst the chloride sorption decreased over the whole 
pH range studied (Fig. 3), The maximum amount of boron sorbed from solution by 0-5 g. of 
resin was 9%, 11%, and 12% for the 0-6, 0-4, and 0-2mM-boron solutions: for 0-02m-boron 
solutions with 1-0 g. of resin this figure was 13%. The pH values at which boron sorption 
could first be detected were ca. 4-9, 5-2, 5-7, and 7-6 for these four boron concentrations. 

Che values of & (the number of boron atoms present in one equiv. of borate ions sorbed) 
were calculated as previously described,” and are given in the Table. 
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R pH R pH K 


(A) IRA-400 (Cl) (0-5 g.), 45 mmoles of boron and 1-5 milliequivs. of chloride 


5-68 
6-21 
6-47 


5°74 
4-99 
4-63 


7-08 
7-42 
7-69 


4-46 7-95 
4-23 8-07 3-88 9-32 


4-01 8-98 310 
2-91 


3-89 8-58 3-58 


(B) IRA-400 (Cl) (1-0 g.), 45 mmoles of boron and 3-0 milliequivs. of chloride 


5-62 
563 


4-54 
5-25 


5°75 
5-79 


4°96 5-90 


4-98 598 4-52 
4°38 


(C) IRA-400 (Cl) (0-5 g.), 30 mmoles of boron and 1-5 milliequivs. of chloride 


6-02 
6-98 
7:40 


3-05 
3-69 
3-51 


7-48 
797 


3-46 7-98 3-30 8-78 
3-21 8-41 2-84 9-06 


(D) IRA-400 (Cl) (1-0 g.), 15 mmoles of boron and 4-0 milliequivs. of chloride 


7-64 
841 


3-71 
3-10 


8°71 
9-05 


2-72 9-38 1-80 10-60 
2-27 9-76 1-49 


The number of boron atoms present in one equivalent of borate ions sorbed (R). 


pH 


0-64 
10-04 


(E) IRA-400 (Cl) (0-5 g.), 15 mmoles of boron and 1-5 milliequivs. of chloride 
5-68 3-43 7-46 2-99 850 2-51 8 62 249 0-45 
6-06 3-08 7-76 2-87 8-52 2-59 869 2-46 9-73 
615 3°30 8-02 2-93 8-53 2-54 890 2-31 10-03 
6-06 2-86 8-05 2-91 8-57 247 9-23 2-03 10-80 
7-39 3-08 S11 2-83 

(F) IRA-400 (Cl) (1-0 g.), 15 mmoles of boron and 3-0 milliequivs. of chloride 
6-14 2-08 6-52 2-08 6-63 2-99 6-76 3-09 6-96 


(G) TRA-400 (Cl) (1-0 g.), 1:5 mmoles of boron and 3-0 milliequivs. of chloride 

7-73 0-69 885 0-80 9-43 0-72 9-78 0-69 10-26 0-62 

8-01 0-97 9-39 0-82 9-49 0-78 O84 0-60 11-40 0°29 

817 0-59 

In all experiments 75 ml. of solutions were present and all pH values are those of the equilibrated 
solutions. 
DISCUSSION ‘ 
0-02m-Boron Solutions.—The R values obtained (section G of Table) indicate the sorption 
of monoborate ions by the resin at pH >7. Monoborate must also be the predominant 
borate species in solution at this concentration as monoborate ions would be less readily 
sorbed by the resin than would any ions derived from the relatively strong polyboric acids. 
That the experimental RX values are less than unity at higher pH values may be due to the 
sorption of small amounts of HBO,?~ (R 0-5) or BO,*~ (R 0-33) ions. This is indicated by 
the maximum in boron sorption at pH 9-6 whereas the chloride sorption decreases through 
the whole range studied (Fig. 3). However, overmuch significance cannot be attributed 
to the variations observed, as the R values cannot be calculated with great accuracy 
owing to the small amount of boron sorbed from 0-02m-boron solutions. Also the 
possibility of hydrolysis of the borate form of the resin at higher pH values, to give 
fractional R values, cannot be completely discounted. 

It is of interest that no boron sorption couid be detected from 0-002m-boron solutions 
(containing 0-15 mmole of boron and 0-75 milliequiv. of chloride in 75 ml. solution, with 
0-25 g. of resin). 

0-6, 0-4, and 0-2m-Boron Solutions.—The R values (sections A, B, C, E, and F of Table) 
indicate that condensed borate ions are being sorbed by the resin at pH <ca. 10, the 
degree of condensation being greater at lower pH or higher boron concentration, At 
pH >ca. 10 the R values tend towards unity, indicating the progressive sorption of a uni- 
valent monoborate ion by the resin. This would agree with the views of Carpeni,**® 
Souchay,’® and Lourijsen-Teyssedre,"" who consider that monoborate ions are the chief 
species existing in solution in this pH region at all boron concentrations. That monoborate 
ions are present in sodium borate solutions (which will possess pH >10) over a wide 
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concentration range has been shown by other workers using cryoscopy '71* and Raman 
spectra.” 

According to Lourijsen-Teyssedre ™ successive formation of B,O,~, B,O,*~, and BO,~ 
ions occurs on addition of alkali to boric acid solutions, although the formation of these 
ions overlaps to some extent. A good interpretation of our results at pH <ca, 10 can be 
given if Lourijsen-Teyssedre’s conclusions are accepted, and if it is assumed that the 
affinities of the pentaborate ion B,O,~ (R 5) and the tetraborate ion B,O,?~ (R 2) for the 
resin do not differ widely. That this assumption is reasonable can be deduced from the 
work of Kolthoff,")* Thygesen,* and Stetten '* who showed that the polyboric acids were 
of comparable strengths, although considerably stronger than monoboric acid. 

At the highest boron concentration used (0-6m) the maximum R value, obtained at 
pH ca. 6, approximated closely to five, indicating almost exclusive sorption of penta- 
borate ions by the resin at this pH. With the 0-4 and 0-2m-boron solutions the maximum 
R values were also obtained at pH ca. 6, although the proportion of pentaborate ions 
sorbed by the resin appeared to decrease with decreasing boron concentration. 

Lourijsen-Teyssedre "! considers that as the pH of the boron solutions is raised above 
six a rapid increase in the concentration of pentaborate ions and a rather slower increase 
in the concentration of tetraborate ions takes place. These two ions will be taken up by 
the resin, giving rise to the rapid increase observed in the overall boron sorption (Fig. 1). 
This increase will be accompanied by a fall in the values of R due to the sorption of a higher 
proportion of tetraborate ions than at pH 6. The pentaborate ions in solution reach 
maximum concentration at a pH dependent on the borun concentration, and are then 
rapidly replaced by tetraborate ions, Pentaborate ions on the resin will then be replaced 
by tetraborate ions with a resulting decrease in the overall amount of boron sorbed by the 
resin and a continued fall in the values of R. As a univalent ion is now being replaced on 
the resin by a bivalent one, with approximately the same resin affinity, the sorption of 
chloride will continue to fall at pH values above that at which the sorption of boron by the 
resin has reached a maximum (Fig. 2), thus explaining the occurrence of the “ chloride 
shift.” 

At higher pH values (ca. 9) the sorption of tetraborate ions will reach a maximum and 
they will then be progressively replaced on the resin by univalent monoborate ions (R 1), 
thus coftinuing the fall in the values of R and in the overall boron sorption. The chloride 
sorbed by the resin will now increase, however, owing to replacement of a bivalent ion on 
the resin by a univalent one, and to the lower affinity of monoborate ions for the resin. 
This behaviour is similar to the replacement of pentagermanate ions '14 on the resin 
by monogermanate ions at pH >9-2. 

The increase in the “ chloride shift ’’ observed with increasing boron concentration 
(Figs. 1 and 2) is due to the relative increase in the concentration of pentaborate ions in 
solution and to the greater overlap in the pH range in which both penta- and tetra-borate 
ions can co-exist. Both these factors will cause the replacement of pentaborate ions on 
the resin by tetraborate ions to take place over a wider pH range. 

In the experiments with 0-2m-boron solutions, added chloride (Fig. 2) slightly increased 
the R values (section D of Table). This indicates that tetraborate ions are more easily 
displaced from the resin than are pentaborate ions, and implies that the affinity of the 
pentaborate ion for the resin is greater than that of the tetraborate ions, despite the smaller 
charge on the former. However, the effect of added chloride is here much less than it is 
in the germanate system where a marked change was afforded in the ratio of penta- and 
mono-germanate ions sorbed by the resin.“ This provides additional evidence that the 
affinities of the different polyborate ions for the resin do not differ widely. 

Although our results can be completely interpreted on the basis of Lourijsen-Teyssedre’s 
conclusions,"' nevertheless other interpretations of our work could be advanced. Our 


'? Menzel and Shultz, Z. anorg. Chem., 1943, 251, 167. 

** Doucet and Rollin, Compt. rend., 1948, 226, 1967. 

'* Edwards, Morrison, Ross, and Shultz, J]. Amer. Chem. Soc., 19565, 77, 226. 
Everest, ]., 1056, 4415. 

" Lefebvre, Compt. rend., 1965, 241, 1037, 1295. 
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results could be equally well explained by assuming the ion HB,O,*~ (R 2-5), postulated 
by Carpeni,** to be sorbed over the middle pH range instead of the tetraborate ion, or 
even that it is a mixture of these ions which is so sorbed. It is also possible that the ion 
HB,O,~ (R 4) * occurs as an intermediate between the B,O,~ and B,O,*~ ions. However, 
our results appear to exclude the existence of a unique equilibrium in borate solutions 
between HB,O,*> and H,BO,~ ions over the whole pH range as postulated by Carpeni, 
although such a unique equilibrium could exist at pH »>ca.%-5. Not only are the R values 
which we find at pH <9-5 too large for the sorption of HB,O,?~ ions, but our results 
definitely point to the sorption of more than one polyborate ion in the pH range 6—9-5. 

It is significant that previous studies on germanates ™™ show that, unlike the case of 
borate solutions, only one condensed germanate ion is taken up by the resin, and as the 
germanate species sorbed all possessed the same charge no “ chloride shift '’ was observed, 
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612. Anhydro-compounds from Nitrogen-containing Derivatives of 
Thioglycollic (Mercaptoacetic) Acid. Part I11.* Arylazo-compounds.*t 


By G. F. Durrin and J. D. Kenpatt, 


Arylazothioalkanoic acids (I) with acid anhydrides in the presence of a 
tertiary base give monomeric anhydro-compounds which may be regarded 
as 3-aryl-4-oxo-1-thia(S!¥)-2 : 3-diazolines{ (11). Unlike the open-chain 
acids (1), the anhydro-compounds are very stable, weakly basic substances 
which undergo characteristic reactions of aromatic systems with electrophilic 
reagents, Detailed investigations of the anhydro-compound from p-tolylazo- 
thioglycollic acid (1; Ar = p-C,H,Me, K = H) support the structure (V) 
assigned to it. 

With boiling sodium ethoxide solution the compound (V) decomposes, 
yielding 4-oxo-3 ; 5-di-p-tolyl-1-thia(S!¥)-2 ; 3-diazoline (VII) and 65-mer- 
capto-4-oxo-3-p-tolyl-1-thia(S'’)-2 : 3-diazoline (IX) which are also prepared 
by alternative syntheses. 


(ARYLAZOTHIO)ACETIC ACIDS (I; R = H), which give (arylthio)acetic acids when warmed, 
were first prepared by Friedlander and Chwala ! by the reaction of arenediazonium salts 
with thioglycollic (mercaptoacetic) acid in acid solution. Although these authors reported 
the isolation of a number of acids, it is difficult to obtain stable acids from certain diazonium 
compounds. (Phenylazothio)acetic acid (1; Ar - Ph, R = H), for example, although 
isolable in most experiments, could not be purified and in some cases decomposed spon- 
taneously in the reaction mixture. No (arylazothio)acetic acids could be isolated from 
reactions involving arenediazonium salts containing ortho-substituents, whilst (p-nitro- 
phenylazothio)acetic acid, reported ! as being very stable, occasionally decomposed when 
kept at room temperature. Variations in stability were also experienced with p-chloro- 
and p-bromo-acids even when prepared by apparently the same procedure from the same 
reagents. No difficulties were experienced in obtaining stable p-tolyl-, p-methoxyphenyl-, 
p-acetamidophenyl-, and p-carboxyphenyl-acids. Thiolactic and thiomandelic acid also 
gave stable azothio-acids (I; Ar = ~-C,H,Me, R = Me and Ph) respectively. 

Like the acids described in Parts I? and II,’ the azothio-acids (1), with the exception of 
(p-nitrophenylazothio)acetic acid which gives an arylated anhydro-derivative, react 
readily with acetic anhydride and pyridine to give anhydro-compounds by the loss of one 
mol. of water. Unlike those discussed previously, however, the present compounds are 

* Part Il, J., 1956, 361 


+ Read in part at the XIVth Internat. Congress of Pure and Applied Chemistry, Zurich, July, 1955. 
t “ (S'’)”’ is used, after consultation with the Editor, to denote the formal quadrivalency of the 


sulphur atom, which is discussed below, 
1 Friedlander and Chwala, Monatsh., 1907, 28, 261. 
* Duffin and Kendall, J., 1961, 734. 
* Idem, J., 1956, 361, 
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not formed in the absence of a tertiary base. The new compounds are yellow, heat-stable 
solids which are readily soluble in polar and non-polar solvents and possess two absorption 
maxima in solution. Like the earlier anhydro-compounds, they show a bathochromic 
shift of the longer wave absorption maximum of longer wavelength as the polarity of the 
solvent is decreased. The anhydro-compound from (p-tolylazothio)acetic acid, for example, 


N=5 
v4 p-O.H.Me*N—— NH 
Ar*NiN*S*CHR*CO,H —> Ar'N | | | 
R OC =—C$ 


(I) sf (it) (ih) 


gives a colourless aqueous solution and a yellow solution in benzene, In their stability 
to mineral acids the present anhydro-compounds differ markedly from those described 
previously, the former being recovered unchanged from boiling 50°, sulphuric acid. The 
compounds derived from the acids (1; RK = H), however, although unaffected by boiling 
alcoholic ammonia and aqueous alkali carbonate, react readily with strong alkali, The 
present compounds also behave as weak monoacid bases and give double salts with mercuric 
chloride, thus behaving like 1-thia-2 : 3-diazoles.4 

Because of its ready accessibility, the anhydro-compound from (p-tolylazothio)acetic 
acid was selected for detailed investigation. It is a weak base which forms colourless 


R*NH-*CO*CO*NHR 
(IV) R*NH-CO-CS*NHR + T+-NH*NH, | + HS°CH,*CO,H TN) X 
a v4 


N= 


F I + (VII) 
S17 


T+NH*NH, Z ; 
+ <+— ToN 


HO,C+CH!N*NHPh C+CH!N+NHPh 
" 


XIV 
, (X) T«NHAc 


' 


NHAc 


4 4 ; 4 
TN” , T-N | 
CO+CHiN-NHPh I S*CH,+CO,H 
re) O 


wat (X11) 


T «NH*NHAc 
(T = p-C,H,Me) 


salts (XX) which are decomposed by water and by heat. Although stable to mineral acid, 
the anhydro-compound is readily reduced with zinc and sulphuric acid to give p-tolyl- 
hydrazine and thioglycollic acid, indicating that the groupings p-C,H,Me-N,’ and *S‘CH-CO- 
are present in the compound, On oxidation in acetic acid solution the anhydro-compound 
is gradually decomposed to a toluene-p-diazonium salt. 


4 Wolff, Annalen, 1902, 325, 120 
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The anhydro-compound, with amines, gives /-tolylhydrazine and amides (IV) of 
monothio-oxalic acid, the structure of the latter being confirmed by synthesis and 
degradation. The anhydro-compound also reacts rapidly with hydrazine to give p-tolyl- 
hydrazine, but with phenylhydrazine slowly gives free sulphur, a small quantity of the 
compound (VI), and a compound C,,;H,,ON,. The last reacts as a hydrazine which has 
a free amino-group, and is hydrolysed by alkali to glyoxylic acid phenylhydrazone 
(XIV) and p-tolylhydrazine, indicating that it is the phenylhydrazone (X) of glyoxylic 
acid N-p-tolylhydrazide. The structure is confirmed by unambiguous synthesis of the 
acetyl derivative (XIII), which is identical with that obtained from the hydrazide with 


acetic anhydride. This evidence proves the presence of the grouping p-CgH,Me- ‘NC cocir 


in the anhydro-compound, and suggests a cyclic structure for the latter. 

Possible structures are (V) and (III), The latter can be excluded since a-(p-tolyl- 
azothio)propionic acid (I; Ar = ~-CgH,Me, R = Me) also gives an anhydro-compound 
with a structure similar to that of the compound from the corresponding acetic acid, as 
shown by the similarities of ultraviolet absorptions and the products of reduction and 
oxidation. That no migration of a methyl group has occurred in the compound (II; 
Ar = p-C,H,Me, R = Me) is proved by its reaction with hydrazine to give pyruvic acid 
hydrazone hydrazide. It is concluded therefore that all the anhydro-(arylazothio)acetic 
acids have the elementary structure of 1-thia-2 : 3-diazole and may be regarded as 3-aryl- 
4-oxo-1-thia(S'’)-2 : 3-diazolines * (II) (cf. Katritzky).® 

Compounds of this type should possess aromatic properties * and, in its chemical 
behaviour to electrophilic reagents, 4-oxo-3-p-tolyl-1-thia(S'")-2 : 3-diazoline (V) behaves 
like a truly aromatic compound, For example, on bromination it gives the 5-bromo- 
derivative (XVI) in which the bromine cannot easily be replaced, and on nitration in 
acetic acid gives the 5-nitro-compound (XV). In sulphuric acid solution it can be mono- 
nitrated to give the 3’-nitro-compound (XVIII) or dinitrated to give the 3’ : 5-dinitro- 
compound (XIX). The preferential nitration in sulphuric acid of the benzene ring appears 
to be due to salt formation (XX) which reduces the ease of electrophilic attack at the 
5-position in the thiadiazole ring. The related 5-methy! compound (II; Ar = ~-C,H Me, 
R = Me) in sulphuric acid can be only mononitrated, to the 3’-mononitro-compound 
(II; Ar = 4-methyl-3-nitrophenyl, R = Me). 


N= 

TN’ | 
\ re (XVI) 
re) 


avin 


Although it has been reported by Wolff* that 1-thia-2 ; 3-diazoles are unstable to 
alkali, no investigation of the products of decomposition has been published previously. 
With hot alcoholic sodium hydroxide or ethoxide the anhydro-compound (V) gives mainly 
an acidic mixture, together with a non-acidic compound C,,H,,ON,S. The latter is also 
obtained by reaction of toluene-p-diazonium chloride with the anhydro-compound (V) in 
neutral or alkaline solution, whilst related compounds (XVII) are obtained from other 
diazonium salts. That these compounds are 3 : 5-diaryl-4-oxo-1-thia(S'’)-2 : 3-diazolines 
is proved by synthesis and degradation of the 5-phenyl-3-p-tolyl compound (VI). This 


* See footnote }, p. 3189. 


* Katritzky, Chem, and Ind., 1956, 521. 
* Bieber, ibid., p, 1055 
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is obtained both by the action of acetic anhydride and pyridine on «-phenyl-a-(p-tolylazo- 
thio)acetic acid and by the reaction of benzenediazonium chloride with 4-oxo-3-p-tolyl-1- 
thia(S'’)-2 : 3-diazoline, and is reduced by zinc and hydrochloric acid to phenylacetic acid, 
p-tolylhydrazine, and hydrogen sulphide. 

The acidic mixture from the alkaline degradation of the compound (V) has a composition 
which varies in different experiments, and it cannot be resolved by crystallization. The 
crude mixture, which is bright yellow, contains a little free sulphur and has an odour of 
toluene-p-thiol. With hydrazine it gives p-tolylhydrazine in good yield, whilst with benzyl- 
amine it gives monothio-oxaldi(benzylamide) (IV; RK = CH,Ph), indicating that the acidic 
mixture conta as its main constituent a compound whose structure is similar to that 
of the original anhydro-compound, Reaction of the acidic mixture with Raney nickel in 
sodium hydroxide solution gives aceto-p-toluidide, p-toluidine, ammonia, and sodium 
acetate, Henzoylation of the acidic mixture in alkaline solution gives a yellow neutral 
benzoyl derivative C,,H,,0,N,5,, whilst reaction with sodium chloroacetate gives a 
yellow acid C,,H,gO,N,5,. ese compounds are clearly derived from the same compound 
CyH,ON,S, which corresponds to the anhydro-compound with an additional atom of 
sulphur. That their structure is similar to that of the anhydro-compound is shown by the 
similarity of their absorption spectra (see Table) to that of 5-bromo-4-oxo-3-p-tolyl-l- 
thia(S'’)-2 : 3-diazoline (XVI), and by their degradation by hydrazine to p-tolylhydrazine. 


Light absorptions. 
( om pound Aran, (My) . Aria. (1) — 


(Vv) « Pons 284 (e 5350), 394 (e 7800) 326 (€ 750) 
(Vv) *, , 364 (e 6200) 315 (e 1350) 
Pee 279 (€ 4880), 370 (e 7130) 253 (e 2680), 317 (€ 890) 
(11; Ar = p-tolyl, R = 3 278 (€ 4330), 372 (€ 7650) 262 (e 2600), 318 (e 1950) 
(Il; Ar = Ph, R 266 (€ 6880), 368 (e 7650) 246 (€ 4250), 310 (e 720) 
| teottbdbertte 292 (¢ 4760), 391 (e 8210) 261 (e 2640), 330 (e 1600) 
260 (€ 13,700), 201 ( 6360),* 404 (e 11,450) 335 (e 2640) 
285 (€ 3550), 398 (€ 8920) 265 (e 3380), 336 (e 2300) 
265 (e 12,800), 290 (¢ 4150),* 417 (e 13,700) 345 (€ 1200) 
234 (€ 14,700), 282 (e 4020), 437 (e 20,400) 268 (e 3700), 353 (e 1800) 
290 (€ 3750), 435 (¢ 6050) 272 (¢ 3550), 338 (e 1200) 
235 (e 9650) ¢ 360 (¢ 3750) 320 (€ 2580) 


* In benzene. * In H,O~pyridine (1: 1), the remainder in ethanol, ¢ Inflexion. 


These facts indicate that neither the benzoyl nor the carboxymethyl group is a nitrogen 
substituent and that the only satisfactory structure for the acidic compound C,H,ON,S, 
is 5-mercapto-4-oxo-3-p-tolyl-1-thia(S'’)-2 : 3-diazoline (IX). The benzoyl derivative 
is (X1) and the carboxymethyl derivative is (XII). Although these structures could not 
be confirmed by unambiguous synthesis the mercapto-compound could also be obtained 
in high yield as its sodium salt (VIII) by heating the original anhydro-compound with 
sodium disulphide in aqueous ethanol. 

Like the anhydro-compounds described in Parts I and II, the sydnones 7 (XXI), and 
the thiadiazole derivative ** (XXII), the present compounds contain a 5-membered ring 
system which cannot adequately be represented by a formula with normal valencies. Each 
ring atom possesses p,electrons which, together with the ~,electron of the exocyclic 
oxygen atom, will fill 4x-orbitals spreading over the ring and the oxygen atom (cf. Longuet- 
Higgins)."° The contribution of the sulphur atom must include that from d-orbitals as 
in the case of thiophen,™" and undoubtedly this contribution would explain the high 
stability of the present system, when compared with that of the sydnones (cf. the difference 
between the stability of 1-thia-2:3-diazoles and 1-oxa-2 : 3-diazoles*). Following the 


’ Baker, Ollis, and Poole, ]., 1949, 307. 

* Husch, J. prakt, Chem., 1903, 67, 201. 

* SchOnberg, /., 1938, 824. 

' Longuet-Higgins, J]. Chim. phys., 1949, 46, 246 

't Schomaker and Pauling, ]. Amer. Chem. Soc.. 1939, 61, 1769. 
'* Longuet-Higgins, Trans. Faraday Soc., 1949, 45, 173. 
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present authors’ original suggestion (Part I) * of a decet of electrons associated with the 
sulphur atom in the anhydro(quinolylthio)acetic acids, Knott suggested that Schomaker 
and Pauling’s ™ representation of the dsp* hybridization  ™ of the sulphur atom might 
be applied to these compounds which would be represented as (XXIII). If this type of 


H 
| N—S 


4 4 
N | Ar'N TN 
‘ | G— Cn | 
Oo ae) Oo $s 
(XX) (XXII) (XXI1) (XXII (XXIV) (XXV) 


formulation is extended to the present compounds they would be represented by (II), 
This formula, we believe, is in agreement with the aromatic properties of the system and 
its stability. It is of interest that the mercapto-compound (1X), which can be represented 
by the alternative thione formula (X XV) with “ normal "’ valencies, is unstable while its 
derivatives, which are stable, possess the fundamental! structure of the anhydro-compounds, 
as shown by their absorption spectra. 

Representation of the present anhydro-compounds by (Il) appears to require seven 
x-electrons in the ring, as in the formula usually written for antipyrine,* and not six as 
for an aromatic sextet, and, although there may be objections to (II) for this reason, we 
believe that it is a better representation than those suggested for the so-called “ cyclic 
mesoionic '’ compounds.5 § 7, 18 

According to the most recent suggestion by Baker and Ollis '* for sydnones the present 
compounds would be formulated as (XXIV). Such a formulation has, however, 
unsatisfactory features. It gives the compounds a betaine-like structure which does not 
accord with their properties, ¢.g., solubility in non-polar solvents. It also indicates a 
partial positive charge on each atom of the ring which is clearly at variance with the ease 
of electrophilic substitution, ¢.g., bromination and nitration which must require a degree 
of negativity on the 5-carbon atom. 

It is remarkable that, where protonation converts the anhydro-compound into a ring 
system (XX) which should be aromatic, since it possesses a sextet of electrons, the pro- 
tonated compounds are only stable in strongly acid solution, and that the salts readily 
revert to the anhydro-compound although the latter has a structure which does not 
obviously possess an aromatic sextet. 


EXPERIMENTAL 


Unless otherwise stated, absorption measurements refer to EtOH solutions. 

(Arylazothio)acetic Acids.—The following exemplifies the procedure: p-Toluidine (10-7 g.) 
in 5n-hydrochloric acid (50 ml.) containing ice (50 g.) was diazotized at 0—-5° by sodium nitrite 
(7-0 g.) in water (20 ml.), and the solution added rapidly to thioglycollic acid (10 g.) in water 
(100 ml.). After 1 hour’s stirring, the precipitated solid was filtered off, dissolved in ether 
(200 ml.), filtered, and separated from an aqueous layer; the ethereal solution was dried (Na,SO,) 
and evaporated at ca. 10° to give (p-tolylazothio)acetic acid as buff leaflets, m. p. 55° (decomp.) 
(17-5 g., 83%). 

The following were prepared similarly, all m. p.s being with decomposition: (p-methosy- 
phenylazothio)acetic acid, yellow leaflets [from ether by precipitation with light petroleum (b. p. 
40-—60°)}, m. p. 70-—71° (68%) (Found: N, 12-1. C,H,,O,N,5 requires N, 12-4%), (p-acet- 
amidophenylazothio)acetic acid, yellow needles (from ether), m. p. 105-—-106° (79%) (Found : 
N, 16-3. C,,H,,O,N,S requires N, 16-5%,), (2-naphthylazothio)acetic acid, buff leaflets {from 
ether by precipitation with light petroleum (b. p. 40--60°)], m. p. 75-—-76° (80%) (Found : 


a8 cat? 1955, 918. 

4 Craig, Maccoll, Nyholm, Orgel, and Sutton, J., 1954, 333 
® Thomas, Chem. and Ind., 1955, 533. 

1* Baker and Ollis, ibid., p. 910. 
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N, 10:5. CygHyO,N,S requires N, 10-4%,), (p-chlorophenylazothio)acetic acid, yellow leaflets, 
m. p. 77° (63%) (Found: S, 13-8. C,H,O,N,SCI requires S, 13-9%), (p-bromophenylazothio)- 
acetic acid, yellow leaflets, m, p, @1° (77%) (Found: S, 11-8. C,H,O,N,SBr requires S, 11-6%), 
and (p-carboxyphenylazothio)acetic acid, buff, m. p. 152° (96%) (Found: N, 11:3. C,H,O,N,5 
requires N, 11-6%). Diazotized p-toluidine with thiolactic acid gave «-(p-tolylazothio) propionic 
acid, yellow leaflets [from ether by precipitation with light petroleum (b. p, 40-—60°)], m. p 
69° (568%) (Found: N, 12-3. C,9H,,O,N,5 requires N, 124%) [,,, 325 my (e 14,900))], and 
with thiomandelic acid gave a-p-(tolylazothio)phenylacetic acid, yellow leaflets (from ether), 
m, p. 80° (76%) (Found: N, 97, C,,H,,0,N,5 requires N, 9-8%). 

4-Ox0-3-phenyl-1-thia(S'¥)-2 ; 3-diazoline.—Aniline (1-86 g.) in 6~-hydrochloric acid (10 ml.) 
was diazotized with sodium nitrite (1/5 g.) in water (10 ml.). This solution was added to thio- 
giycollic acid (2-0 g.) and crystalline sodium acetate (1-36 g.) in water (50 ml.) at 0°. After 15 
min., the precipitated solid was filtered off, washed with water, and pressed between filter 
papers. The solid (2-4 g.) was added to pyridine (4 ml.) and acetic anhydride (12 ml.) at 0° 
and left for 3 days. Water (50 ml.) was added and the resulting solution evaporated in vacuo, 
to leave an oil which was extracted (3 x 20 ml.) with boiling cyclohexane which, on 
cooling, gave a solid; recrystallized from cyclohexane this gave the anhydro-compound as pale 
yellow needles, m. p. 65° (0-27 g., 8%) (Found: S, 17-85. C,H,ON,S requires S, 17-95%) 

4-Oxo0-3-p-tolyl-1-thia(S")-2 : 3-diazoline._(p-Tolylazothio)acetic acid (50 g.) was added 
gradually to acetic anhydride (150 ml.) and pyridine (50 ml.) at 0—5°. After 15 min., crystals 
were precipitated which were filtered off, washed with ether, and recrystallized from cyclo- 
hexane, to give the anhydro-compound as yellow needles, m. p. 121° (22 g., 48%) [Found : 
C, 56-5; H, 435; N, 14-8; S, 16-7%; M (ebullioscopic), in C,H, 194, in EtOH 196, in AcOH 
190, (Rast) 198. C,H,ON,S requires C, 66-3; H, 415; N, 146; S, 16-7%; M, 192). 

Other anhydro-compounds obtained by similar processes are tabulated. 


Anhydro-compounds (Il). 
Found Required (% 
¢ An ~~ mg A = 
At K M. p Yield (%) ; H ‘ Formula C S$ 
Oe 143° 80 * ° 2-2 f 2gH,ON,SBr 37-4 , 12-4 
gH Cl H 150 73° f ° og H gON,SCI , 7 151 
eliyCO,H H 256 32° / . . . 14-4 
el yOMe H 150 53° . f 5% , 45 05 3 15-4 
lly NH As iH 220 23 4 3. N,S 2 285 140 
oHi,Me Ph 173 a1/ . ° . ; N,5 , 11-9 
ol Me Me ov 25° . 7 , N,5S f , 15°6 
soll, H 102 36° 2H,ON,S 3+ 14-05 
* Yellow needles from benzene. ° Yellow needles from benzene-light petroleum. * Yellow 
jates from benzene. 4 Orange needles from ethanol. ‘* Yellow needles from cyclohexane. / Yellow 
eaflets from ethanol. ¢ Insoluble in usual solvents; purified by dissolution in alkali and repre- 
cipitation by acid 


p- 
p-" 
p- 
pl 
p- 
pl 
p- 
ye 


Action of Acetic Anhydride-Pyridine on (p-Nitrophenylazothio)acetic Acid.—-The acid! 
(4 g.) was added to pyridine (5 ml.) and acetic anhydride (12 ml.) at 0°. The mixture was 
allowed to warm to room temperature and cooled again to 0°, to give a solid which was filtered 
off, washed with ethanol, and dried (1-1 g.; m. p. 80-—-90°). This solid was boiled with carbon 
tetrachloride to leave an insoluble orange material while the filtered solvent, on cooling, gave 
pale yellow crystals which, recrystallized from water, gave (p-nitrophenylthio)acetic acid! as 
yellow needles, m. p. 157° (0-4 g., 12%) (Found: S, 15-1. Cale, for C,H,O,NS: S, 149%). 
The orange solid was recrystallized from acetic acid, to give 3: 5-di-p-nitrophenyl-4-ox0 
2-thia(S'')-2: 3-diazoline as orange needles, m. p. 295° (0-25 g., 14%) (Found: §S, 9-15. 
CyHOnN,5 requires S, 9-25%). 

3-p-A minophenyl-4-oxo-1-thia(S'¥)-2 : 3-diazoline.—3-p-Acetamidopheny]- 4 - oxo-1-thia(S!)- 
2: 3-diazoline (2-0 g.) and 10N-hydrochloric acid (10 ml.) were heated on a steam-bath for 1 br. 
After dilution with water, the solution was neutralized by sodium carbonate, a solid being 
precipitated which was filtered off and recrystallized from ethanol, to give the pure amine as 
orange needies, m, p. 197° (1-38 g., 84%) (Found: S, 16-7. C,H,ON,S requires S, 16-5%). 

4-Hydroxy-3-p-tolyl-1-thia-2 ; 3-diazolium Chloride.—4-Oxo-3-p-tolyl-1-thia(S')-2 : 3-diazo 
line (5 g,) in dry ether (25 ml.) and chloroform (50 ml.) was saturated at 0° with dry hydrogen 
chloride. After 60 hr., the solution was evaporated at 20°/15 mm. to give a sticky solid which, 
twice recrystallized from acetone, gave the chloride as colourless needles, m. p. 138-—140° (3-0 g., 
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51%) (Found: S, 140; Cl, 15-5. C,H,ON,SCI requires S, 14-0; Cl, 155%). On contact 
with water or when dried in vacuo at elevated temperatures the chloride rapidly reverted to the 
anhydro-compound, 

Mercuric Chloride Adduct of 4-Oxo-3-p-tolyl-1-thia(S!")-2 : 3-diazoline.—-The anhydro- 
compound (1-5 g.) was added to a solution of mercuric chloride (2-1 g.) in ethanol (20 ml.) and 
the mixture boiled for 5 min. and cooled to precipitate a solid, Recrystallization from 
ethanol gave the adduct as pale yellow needles, m. p. 130° (2-2 g., 78%) (Found: 5, 6-65, 
C,H,ON,S, HgCl, requires S, 6-65%). 

Reduction of 4-Oxo-3-p-tolyl-1-thia(S"¥)-2 : 3-diazoline.Granulated zinc (10 g.) was added 
gradually to the anhydro-compound (5-0 g.) and 5n-sulphuric acid (5ml.). When the resulting 
vigorous reaction had subsided, the mixture was warmed on a steam-bath for 1 hr., filtered, 
and made alkaline with sodium hydroxide, Ether-extraction (4 x 100 ml.) gave p-tolylhydrazine 
(2-6 g., 85%) (m-nitrobenzylidene derivative, m. p. and mixed m. p. 150°), The aqueous 
solution was re-acidified with sulphuric acid and extracted continuously with ether, to give 
thioglycollic acid (91% by iodine estimation), 

A similar reduction of 5-methyl-4-oxo-3-p-tolyl-l-thia(S'’)-2: 3-diazoline gave p-tolyl- 
hydrazine (78%) and thiolactic acid (85%). 

Oxidation of 4-Oxo-3-p-tolyl-1-thia(S'*)-2 ; 3-diazoline.—Chromium trioxide (1-0 g.) in acetic 
acid (10 ml.) was added to the anhydro-compound (1-92 g.) in acetic acid (10 ml.) and propionic 
acid (5 ml.) at 0°. After 16 hr. at 0° the solution was diluted with water (100 ml.). A precipit- 
ated solid was filtered off, which was unstable and decomposed on storage, The filtrate was 
added to 6-naphthol (1-0 g.) in 10% aqueous sodium hydroxide (200 ml.), precipitating 1-p- 
tolylazo-2-naphthol (0-45 g., 18%). Potassium permanganate, in the presence of sulphuric acid, 
gave similar results, but ferric chloride was without action. 

The oxidation of the 5-methyl anhydro-compound likewise gave toluene-p-diazonium salts, 

Action of Sulphuric Acid on 4-Oxo-3-p-tolyl-1-thia(S!*)-2 : 3-diazoline.-Su\phuric acid 
(d 1-84) (10 ml.), water (10 ml.), and the anhydro-compound (5-0 g.) were mixed, rapidly giving 
a colourless solution. ‘The solution was boiled under reflux for 20 hr. and diluted with water 
(100 ml.), to give the unchanged anhydro-compound (4-7 g., 04%), m. p. and mixed m, p, 121°. 

Action of Amines on 4-Oxo-3-p-tolyl-1-thia(S!)-2 : 3-diazoline.—-With benzylamine, (i) The 
anhydro-compound (5-0 g.) and benzylamine (25 ml.) were heated for 4 hr. in an oil-bath at 
140°, diluted with water (100 ml.), and steam-distilled (distillate 200 ml.). The residue was 
cooled and the resulting solid recrystallized from ethanol, to give monothio-oxaldi(benzylamide) 
as pale yellow needles, m. p. 121° (3-9 g., 58%) [Found : C, 66-3; H, 5-55; N, 10-0; 5S, 11-56%; 
M (Rast), 277. C,,H,,ON,S requires C, 67 6; H, 5-65; N, 985; S, 11-26%; M, 284), identical 
with the compound obtained as follows: Oxaldi(benzylamide) ” (13-4 g.), phosphorus penta- 
sulphide (3-0 g.), and pyridine (50 ml.) were boiled under reflux for 3 hr., then diluted with 
water (200 ml.). The resulting solid was filtered off and recrystallized from ethanol, to give 
monothio-oxaldi(benzylamide) (8-3 g., 58%). Boiling 5°, aqueous ethanolic sodium hydroxide 
slowly reconverted the monothioamide into oxaldi(benzylamide), colourless plates (from 
dioxan), m. p. and mixed m. p. 220°. (ii) The anhydro-compound (5-0 g.), benzylamine (5 m1), 
and ethanol (20 ml.) were boiled under reflux for 48 br. On cooling, monothio-oxaldi(benzyl 
amide) (4-2 g., 57%) crystallized. Dilution of the mother-liquors with water and evaporation 
of the ethanol gave crude p-tolylhydrazine, identified as m-nitrobenzylidene-p-tolylhydrazine, 
m, p. and mixed m. p. 150° (3-8 g., 57%). 

By a process similar to (i) above, the anhydro-compound with cyclohexylamine gave mono- 
thio-oxaldi(cyclohexylamide) obtained from ethanol as yellow needles, m. p. 173° (71%) (Found: 
C, 62-4; H, 88; N, 10-5; S, 121. C,,H,,ON,S requires C, 62-7; H, 805; N, 10-45; 
S, 11-95%), and with p-anisidine gave monothio-oxaldi-(p-anisidide), yellow needles (from ethanol), 
m. p. 153° (73%) (Found: C, 61-0; H, 5-4; N, 89; S, 9-95, CysH,,O,N,5 requires C, 60-8; 
H, 5-1; N, 885; S, 10-1%). 

Action of Hydvazine on 4-Oxo-3-p-tolyl-1-thia(S'")-2 : 3-diazoline.—-The anhydro-compound 
(5-0 g.), ethanol (20 ml.), and 90% hydrazine hydrate (10 m1.) were boiled under reflux for | hr., 
hydrogen sulphide being evolved. After dilution with water (50 ml.), the ethanol was removed 
by evaporation and the residue extracted with ether, to give p-tolylhydrazine (2-4 g., 78%) 
(m-nitrobenzylidene derivative, m. p. and mixed m, p, 150°) 

Action of Hydrazine on 5-Methyl-4-ox0-3-p-tolyl-1-thia(s'*)-2 : 3-diazoline.—The anhydro- 
compound (2-0 g.), ethanol (10 ml.), and 90% hydrazine hydrate (5 ml.) were boiled under 
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reflux for | br., during which hydrogen sulphide was evolved. Water (50 ml.) was added, the 
ethanol removed, the solution extracted with ether (2 x 20 ml.), and the ether extracts were 
evaporated. The residue was dissolved in ethanol (10 ml.), and m-nitrobenzaldehyde (2-0 g.) 
and a few drops of acetic acid were added, 1-m-nitrobenzylidene-2-p-tolylhydrazine being 
obtained (1-65 g., 67%), m. p. and mixed m. p, 150°, The aqueous layer from the ether-extrac- 
tion gave, on evaporation, an oil which was dissolved in benzene. Addition of light petroleum 
(b. p. 60--80°) precipitated a solid which was recrystallized from ethanol, to give pyruvic acid 
hydvazide hydrazone as colourless needles, m. p. 145° (0-3 g., 27%) (Found: C, 30-95; H, 7-0. 
CyH ON, requires C, 31-0; H, 69%), identical with the compound prepared as follows : Mixing 
ethyl pyruvate (13-4 g.) and 90% hydrazine hydrate (20 ml.) caused an exothermic reaction. 
The mixture was then boiled under reflux for 16 hr., and cooled, giving the crystalline hydrazide 
which recrystallized from ethanol as colourless needles, m. p. 143° (5-5 g., 41%). Its m-nitro- 
benzylidene derivative was obtained from ethanol as pale yellow needles, m. p. 185° (Found : 
N, 27-9. CyjH,,O,N, requires N, 281%). 

Action of Phenylhydrazine on 4-Oxo-3-p-tolyl-1-thia(S'")-2 : 3-diazoline.—The anhydro- 
compound (9-5 g.), phenylhydrazine (10 ml.), and ethanol (40 ml.) were boiled under reflux for 
48 hr. On cooling, sulphur was rapidly precipitated and was filtered off (1-02 g., 64%). The 
filtrate was evaporated and benzene added to the residue, which then crystallized. Recrystal- 
lization from methanol gave the glyoxylic acid N-p-tolylhydrazide phenylhydrazone as buff leaflets, 
m, p. 173° (5-1 g., 39%) (Found: C, 66-5; H, 595; N, 20-9. C,,H,,ON, requires C, 67-1; 
H, 5-05; N, 20-9%,) which, with acetic anhydride, gave glyoxylic acid N’-acetyl-N-p-tolylhydrazide 
phenylhydrazone, colourless needles (from aqueous ethanoi), m. p. 196° (Found: N, 18-05. 
Cy,HygO,N, requires N, 181%), and with m-nitrobenzaldehyde gave glyoxylic acid N’-m- 
nitrobenzylidene-N-p-tolylhydrazide phenylhydrazone as pale yellow leaflets, m. p. 209° (decomp.) 
(Found: C, 65-56; H, 49. C,,H,,O,N, requires C, 65-8; H, 475%). Evaporation of the 
benzene filtrate gave a thick oil which on trituration with ethanol gave a solid which 
recrystallized {rom ethanol, to give 4-oxo-5-phenyl-3-p-tolyl-1-thia(S!’)-2 : 3-diazoline as yellow 
leaflets, m. p. 173° (0-12 g.), identical with that obtained above. The combined ethanol wash- 
ings and mother-liquors were evaporated, and the solid residue was recrystallized from light 
petroleum, to give a substance of unknown constitution as pale yellow needles, m. p. 94° (0-71 
g.) (Found: C, 68-65; H, 8&2; N, 198%; S, 0) (Ans, 205 and 351 my, the latter possessing a 
high extinction coefficient). 

Hydrolysis of Glyoxylic Acid N-p-Tolylhydrazide Phenylhydrazone._-The hydrazone (2-8 g.), 
10% aqueous sodium hydroxide (10 ml.), and ethanol (5 ml.) were boiled under reflux for 1 hr. 
The cooled mixture was extracted with ether (3 x 560 ml.), the residue from the combined 
extracts, after evaporation, was dissolved in ethanol (30 ml.), and m-nitrobenzaldehyde (1-5 g.) 
and acetic acid (0-1 ml.) were added, After boiling for 1 min., the solution was cooled, to give 
N-m-nitrobenzylidene-N’-p-tolylhydrazine, m, p. and mixed m. p. 150° (1-8 g., 68%). The 
aqueous solution from the hydrolysis was cooled and acidified with 2n-hydrochloric acid, to 
give glyoxylic acid phenylhydrazone, m. p. 138° (1-0 g., 58%), identical with the authentic 
material,” 

Unambiguous Synthesis of Glyoxylic Acid N’-Acetyl-N-p-tolylhydvrazide Phenylhydrazone,— 
Dichloroacetyl chloride (14-8 g.) was added to N-acetyl-N’-p-tolylhydrazine (16-4 g.) ® in dry 
benzene (80 ml.), and the mixture boiled under reflux for 2 hr. On cooling, the crystalline 
N’-acetyl-N-p-tolylhydrazide of dichloroacetic acid was deposited. This recrystallized as colour- 
less needles, m, p. 162-—163° (17 g., 62%) (Found: N, 10-4; Cl, 25-6, C,,H,,0,N,Cl, requires 
N, 10-2; Cl, 25-8%). This compound (10 g.), phenylhydrazine (11 ml.), and ethanol (50 ml.) 
were boiled under reflux for 24 hr, Dilution with water (200 ml.) precipitated an oil which 
crystallized on addition of benzene. Recrystallization from ethanol gave glyoxylic acid 
N’-acetyl-N-p-tolylhydrazide phenylhydrazone as colourless needles, m. p. and mixed m. p. 
196° (5-3 g., 44%) (Found; N, 181%). 

Bromination of 4-Oxo-3-p-tolyl-1-thia(S")-2 : 3-diazoline.—The anhydro-compound (4-5 g.), 
anhydrous sodium acetate (5-0 g.), and acetic acid (50 ml.) were stirred and bromine (2-6 ml.) 
was added slowly at room temperature. The mixture was warmed for 5 min. on a steam-bath 
and diluted with water (300 ml.), a solid being precipitated. Recrystallization from ethanol 
gave the 5-bromo-derivative as orange leaflets, m. p. 125° (3-1 g., 48%), which became pink 
in air (Found ; C, 40-1; H, 2-8; 5,121. C,H,ON,SBr requires C, 39-95; H, 2-6; S, 11-8%). 


1 Nolting and Collin, Ber., 1884, 17, 261. 
* Busch and Meussdorfler, J. prakt. Chem., 1907, 2, 76, 133. 
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Nitration of 4-Oxo-3-p-tolyl-1-thia(S')-2 : 3-diazoline.—(a) The anhydro-compound (19-2 g.) 
was stirred with sulphuric acid (d 1-84) (200 ml.) until all had dissolved, then the whole was 
cooled to --5°. Nitric acid (d 1-42) (10 ml.) and sulphuric acid (d 1-84) (50 ml.) were added 
with stirring at —5° to —1° during 45 min. The mixture was stirred for a further 30 min, and 
poured on ice. The precipitated solid recrystallized from ethanol, to give 3-(4-methyl-3-nitro- 
phenyl)-4-ox0-1-thia(S'*)-2 : 3-diazoline as orange needles, m. p. 154° (16-0 g., 68%) (Pound: 
$, 13-5. C,H,O,N,S requires S, 13-56%). 

(6) The anhydro-compound (4-5 g.) was dissolved in sulphuric acid (d 1-84) (50 ml.), and 
nitric acid (d 1-42) (6-0 ml.) was added with stirring at 12—-15° during 15 min. The mixture 
was stirred for 45 min. and diluted with ice, to precipitate an orange solid which was filtered 
off and recrystallized from ethanol, giving 3-(4-methyl-3-nitrophenyl)-5-mitro-4-ox0-1-thia(S"Y)- 
2: 3-diazoline as orange needles, m. p. 125° (decomp.) (3-9 g., 49%) (Found: N, 19-9, 
C,H,O,N,5 requires N, 19-9%). 

(c) Three experiments were carried out in each of which the anhydro-compound (1-92 g.), 
acetic acid (10 ml.), and propionic acid (5-0 ml.) were cooled to --2°, and nitric acid (d 1-42) 
(0-7 ml.) and acetic acid (5 ml.) added with stirring. The first mixture was immediately diluted 
with water (250 ml.), and the resulting solution added to 6-naphthol (2-0 g.) in 10% aqueous 
sodium hydroxide (200 ml.), to precipitate unchanged anhydro-compound (1-7 g., 86%). The 
second mixture was similarly diluted after 1 hr. at 0° and added to alkaline §-naphthol, to give 
a solid which was separated by hot cyclohexane into unchanged anhydro-compound (1-2 g., 60%) 
and 1-p-tolylazo-2-naphthol, m, p. and mixed m. p. 134° (0-26 g., 10%). The third was diluted 
after 20 hr. at 0°, to precipitate an orange solid which was filtered off, washed with water, 
dried, and recrystallized from ethanol, giving 5-nitro-4-ovo0-3-p-tolyl-1-thia(S")-2 : 3-diazoline 
as orange-yellow needles, m. p. 146° (explosion) (0-45 g., 19%) [Found : S, 14-2%; M (ebullio- 
scopic in benzene), 239. C,H,O,N,S requires S, 13-5%; M, 237]. The aqueous filtrate was 
added at 0° to alkaline 6-naphthol, to give 1-p-tolylazo-2-naphthol (1-9 g., 72%). 

Action of Nitric Acid on 5-Methyl-4-0x0-3-p-tolyl-1-thia(S'*)-2 : 3-diazoline.—(a) The anhydro- 
compound (1-02 g. and concentrated sulphuric acid (10 ml.) were cooled to 0° and nitric acid 
(d 1-43) (0-37 ml.) and concentrated sulphuric acid (2.5 ml.) added with stirring, After 1 hr. 
the mixture was added to ice, and the precipitated solid recrystallized from ethanol, to give 
5-methyl-3-(4-methyl-3-nitrophenyl)-4-ox0-1-thia(S'’)-2 : 3-diasoline as yellow needles, m. p. 
152° (0-55 g., 44%,) (Found : S, 12-66. C,,H,O,N,S requires S, 12-7%). 

(b) Nitric acid (d 1-42) (0-7 ml.) and acetic acid (5 ml.) were added to the anhydro-compound 
(2-06 g.) in acetic acid (10 ml.) and propionic acid (5 ml.) at 0°. After 15 hr. the solution was 
diluted with water and filtered from a little tar. Addition to a solution of 6-naphthol (2-0 g.) 
in 10% aqueous sodium hydroxide (200 ml.) precipitated 1-p-tolylazo-2-naphthol (1-1 g., 44%). 

Action of Hydvazine on Bromo- and Nitro-anhydro-compounds.—-By 4 similar process to that 
described above, 5-bromo- and 5-nitro-4-oxo-3-p-tolyl-1-thia(S!")-2 ; 3-diazoline gave p-tolyl- 
hydrazine, identified as its m-nitrobenzylidene derivative, 75%, and 42%, respectively, 3-(4- 
Methy!-3-nitropheny])-, 3-(4-methyl-3-nitrophenyl)-5-nitro-, and 5-methyl-3-(4-methyl-3-nitro- 
pheny])-4-oxo-thia(S'")-2 : 3-diazoline gave 4-methyl-3-nitrophenylhydrazine, identified as 
its m-nilrobenzylidene derivative which was obtained from ethanol as orange needles, m. p. 
189° (77%, 65%, and 53%, respectively) (Found: N, 19-0. C,,H,O,N, requires N, 187%), 
identical with the authentic material prepared as follows: 4-Amino-2-nitrotoluene™ was 
diazotized in 2-5n-hydrochloric acid (10-3 ml.) with sodium nitrite (0-7 g.) in water (1-5 ml), 
and stannous chloride (6-1 g.) in 10N-hydrochloric acid (7-6 ml.) was added gradually to the 
solution at 5°, The resulting precipitate was filtered off, dissolved in water, and made alkaline 
with 10n-sodium hydroxide (10 ml.). Extraction with ether, followed by evaporation, gave 
a solid which recrystallized from benzene-light petroleum (b. p. 60-—-80°), to give 4-methyl-3- 
nitrophenylhydrazine as orange needles, m. p. 82° (0-47 g., 20%) (Found: N, 26-2. C,H,O,N, 
requires N, 256-1%). Its m-nitrobenzylidene derivative, m. p. 189°, was identical with that 
obtained as above. 

Action of Sodium Ethoxide on 4-Oxo-3-p-tolyl-1-thia(S'’)-2 : 3-diazoline.-The anhydro- 
compound (10-0 g.) and sodium (1-2 g.) in ethanol (50 ml.) were boiled under reflux for 1 hr., 
the solution diluted with water (100 ml.), and the ethanol distilled off; a solid separated. 
Filtration and recrystallization from benzene gave 4-ox0-3 : 5-di-p-tolyl-1-thia(S")-2 : 3- 
diazoline as orange leaflets, m. p. 182° (1-56 g., 22%) [Found: C, 685; H, 5-05; N, 9-95; 
S, 11-15%; M (ebullioscopic in EtOH), 287. C,,H,,ON,S requires C, 68-1; H, 5-0; N, 9-05; 
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S, 11-4%,; M, 282], The aqueous filtrate was acidified at 0° by addition of 2n-hydrochloric 
acid to give a yellow precipitate which was collected, washed with water, and dried in vacuo 
(8-5 g.), m. p. about 90° (Found: C, 53-25; H, 435; N, 13-35; S, 180%; equiv., 200, 217). 
From similar experiments acidic mixtures were obtained with different analyses. The acidic 
mixture could not be crystallized since, although soluble in most solvents, it appeared to 
decompose when warmed, 

Action of benzylamine on “ acidic mixture.’’ The acidic mixture (2-5 g.) from the above 
experiment, and benzylamine (5 ml.) were heated at 140° for Lhr. Dilution with water (100 m1.) 
precipitated a solid which was filtered off and recrystallized from ethanol, to give monothio- 
oxaldi(benzylamide), m. p. 121° (1-13 g.), identical with that obtained as above. 

Action of hydrazine on the "' acidic mixture.’ The acidic mixture (2-5 g.), 90% hydrazine 
hydrate (10 ml.), and ethanol (10 ml.) were boiled under reflux for 20 hr. Water (50 ml.) was 
added, ethanol removed, and the residue extracted with ether (3 x 25 ml.), Removal of 
the ether gave p-tolylhydrazine (1-2 g.) (m-nitrobenzylidene derivative, m. p. and mixed m. p. 
150"), 

Action of Raney nichel on the“ acidic mixture.”’ The acidic mixture (8-0 g.) in 1% aqueous 
sodium hydroxide (200 ml.) and Kaney nickel (prepared from 37 g. of the alloy by Brown's 
method *!) were boiled under reflux for 2 hr,, during which time ammonia was evolved, The 
mixture was filtered hot and the nickel washed with hot water, The filtrate, on cooling, afforded 
aceto-p-toluidide (1-5 g.), m. p. and mixed m, p. 147°, and ether-extraction gave p-toluidine, 
m. p, and mixed m. p, 41° (1:15 g.), Acidification of the alkaline solution gave a tarry acid 
(2-24.; m. p, 100-—-120°) from which, by extraction with boiling water, a substance was obtained 
which recrystallized from water to give colourless needles, m, p. 255° (0-12 g.) (Found ; C, 59-35; 
H, 4.8%). Steam-distillation of the acidified solution gave a distillate containing acetic acid. 

Benzoylation of the “ acidic mixture.’’ The acidic mixture (8-0 g.) in 5%, aqueous sodium 
hydroxide (165 ml.) was shaken for 1 hr. with benzoyl chloride (8 ml.), The precipitated 
yellow solid was filtered off, washed with ethanol, and recrystallized from xylene, to give 
6-benzoylthio-4-ox0-3-p-tolyl-1-thia(S"¥)-2 ; 3-diazoline as yellow leaflets, m. p. 201° (1-6 g.) 
(Found: C, 5688; H, 305; N, 8655; S, 19-73. CygHyO,N,S, requires C, 58-5; H, 3-7; 
N, 8-55; S, 19-65%). 

Carboxymethylation of ‘ acidic mixture.’ The acidic mixture (8-0 g.), chloroacetic acid 
(4-75 g.), and N-aqueous sodium hydroxide (100 ml.) were heated for 1 hr. at 100°. The cooled 
solution was acidified with dilute sulphuric acid, an oil being precipitated, Crystallization 
from ethyl acetate gave 5-carboxymethylthio-4-0x0-3-p-tolyl-1-thia(S'‘)-2 : 3-diazoline as pale 
yellow needles, m, p, 177° (3-2 g.) (Found; C, 46-7; H, 3-25; N, 9-85; S, 22-05. C,,H O,N,5, 
requires C, 46-8; H, 3-5; N, 995; S, 22-75%). 

6-Mercapto-4-ox0-3-p-tolyl-1-thia(S")-2 ; 3-diazoline.--Sulphur (1-6 g.), dissolved in a warm 
solution of crystalline sodium sulphide (12-0 g.) in ethanol (20 ml.), was added to 4-oxo-3-p- 
tolyl-1-thia(S!¥)-2 : 3-diazoline (9-0 g.) in ethanol (100 ml.). After boiling under reflux for 90 
min., the deep yellow solution was diluted with water (100 ml.) and evaporated in vacuo until 
a yellow solid was precipitated, The mixture was cooied, the solid removed, and the filtrate 
mixed with saturated sodium chloride solution to give a second crop. The combined solids 
were dissolved in water (80 ml.), filtered to remove a little tar, and diluted with sodium chloride 
solution, to give the sodium salt as bright yellow leaflets, m. p. 180° (8-5 g., 70%) (Found: 
N, 100; S, 26:55. C,H,ON,S,Na requires N, 11-4; 5S, 259%), from which 5-carboxy- 
methylthio- (60%) and 6-benzoylthio-4-oxo-3-p-tolyl-1-thia(S'’)-2 : 3-diazoline (46%) were 
obtained, identical with the compounds described above. 

Acidification of an aqueous solution of the sodium salt of the mercapto-compound gave 
5-mercapto-4-0x0-3-p-tolyl-1-thia-(S'*)-2 ; 3-diazoline as a yellow powder, m. p. 90° (decomp.) 
(Found ; S, 28:35, CyH,ON,S, requires 5S, 28-6%). 

Arylation of 4-Oxo-3-p-tolyl-\-thia(S')-2 : 3-diazoline—The anhydro-compound (1-9 g.) 
in pyridine (10 ml.) was cooled to 5°, and a solution of diazotized p-toluidine from the amine 
(1-07 g.), 6N-hydrochloric acid (6-0 ml.), and sodium nitrite (0-75 g.) in water (2 ml.) added 
gradually. Nitrogen was evolved and a solid slowly precipitated, After 1 hr., the solid was 
collected and recrystallized from benzene, to give 4-oxo-3 : 5-di-p-tolyl-1-thia(S!¥)-2 ; 3-diazoline 
as orange leaflets, m. p. 182° (0-46 g., 17%) (Found: C, 67-9; H, 6-0; N, 10-1; S, 11-6%), 
identical with the compound described above. 

The same product (14%) was obtained when the reaction was carried out in 10% alcoholic 
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sodium hydroxide, and similar reactions with diatotized aniline gave anhydro-5-phenyl- (21%) 
(cf. Table), with p-anisidine gave 5-p-methoxyphenyl- (from ethanol), yellow plates, m. p. 154° 
(18%) (Found: 5S, 10-65. C,sH,,O,N,S requires S, 10-7%), and with p-nitroaniline gave 
5-p-nitrophenyl-4-ox0-3-p-tolyl-1-thia(S'’)-2 ; 3-diazoline (from ethanol), orange needles, m. p. 
170° (19%) (Found: C, 57-65; H, 3-7; S, 10-2, C,,H,,O,N,S requires C, 57-6; H, 3-55; 
S, 102%). 

Reduction of 4-Oxo-5-phenyl-3-p-tolyl-1-thia(S')-2 : 3-diazoline..-The anhydro-compound 
(2-1 g.), ethanol (20 ml.), water (20 ml.), 10N-hydrochloric acid (12 ml.), and granulated zinc 
(8 g.) were boiled for 20 hr. The ethanol was removed and the residue extracted with ether. 
The aqueous acid solution was made alkaline with sodium hydroxide and extracted with ether, 
the ether removed, and m-nitrobenzaldehyde added to the residue in ethanol, to give N-m-nitro- 
benzylidene-N’-p-tolylhydrazine, m. p. and mixed m. p. 153° (1-4. g., 70%). The original ether 
extract was evaporated, giving an oil which was heated to 100° with 10% aqueous sodium 
hydroxide (5 ml.) for 1 hr., acidified with 2n-sulphuric acid, and extracted with ether. Dis- 
tillation of the ether extracts gave phenylacetic acid, b. p. 160—-162°/15 mm., m. p. and mixed 
m. p. 75° (0-6 g., 60%). 
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613. Organic Fluorine Compounds, Pari IV.* Some Reactions of 
Difluoromalonyl Chloride, and the Action of Iodine on Disilver 
Difluoromalonate. 


By E. J. P. Fear, J. Torower, and J. Verren. 


Reactions of difluoromalonyl chloride with lithium aluminium hydride, 
benzene (Friedel-Crafts), diethyl sodiomalonate, and trifluoroethanol are 
described. 

Tetrafluorosuccinyl chloride has been shown to be a product of the action 
of phosphorus oxychloride on tetrafluorosuccinic acid. 

Interaction of disilver difluoromalonate with iodine gave a complex 
mixture of products, including carbon monoxide and carbonyl fluoride. 
A mechanism is advanced to explain this reaction. 


EARLIER studies have shown that the vapour-phase fluorination of benzene with manganic 
fluoride gives a mixture of polyfluorocyclohexenes ' which on alkaline, oxidative degrad- 
ation affords difluoromalonic and tetrafluorosuccinic acid, estimated to be in the ratio 3 ; 2 
by weight.* Separation of these acids was facilitated by treatment with phosphorus 
oxychloride and fractional distillation of the resultant difluoromalony! chloride and tetra- 
fluorosuccinic anhydride. These reactions thus provided a most attractive route to 
difluoromalonic acid. 

Previously, the amount of phosphorus oxychloride used was based on the assumption 
that the only reaction would be that of cyclodehydration of tetrafluorosuccinic acid, We 
now report a more detailed investigation using an increased amount of phosphorus oxy- 
chloride, and describe reactions of difluoromalony! chloride and the interaction of disilver 
difluoromalonate with iodine, 

This re-examination has led to the isolation of the hitherto unknown tetrafluorosuccinyl 
chloride, characterised as the derived diamide and dianilide, and by hydrolysis: Padbury 
and Kropa® obtained tetrafluorosuccinic anhydride by the action of phosphorus oxy- 
chloride on tetrafluorosuccinic acid but did not report the formation of the diacyl chloride. 


* Part III, J. Appl. Chem., 1986, 6, 45. 


} Fear and Thrower, J]. Appl. Chem., 1956, 6, 353. 
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Hauptschein, Stokes, and Nodiff * stated that hexafluoroglutary! chloride could be obtained 
only in extremely small yield by the action of phosphorus pentachloride or thionyl chloride 
on hexafluoroglutaric acid, the reaction resulting primarily in cleavage products due to 
loss of carbon dioxide; no properties of the diacyl chloride were given. Treatment of 
hexafluoroglutaric acid with phosphorus oxychloride afforded a 76-5%, yield of the 
anhydride.* In the case of 3H-heptafluoroadipic acid, phosphorus pentachloride, though 
not thionyl chloride, gave the diacyl chloride in 50% yield.® 

It is evident, therefore, that with the exception of the first member of the series, other 
methods of synthesis of perfluorodiacyl chlorides should be investigated. It is worthy of 
note that reaction of perfluoromonobasic acids with phosphorus pentachloride yields the 
perfluoroacy! chloride in high yield.* ¢ 

The residue from our phosphorus oxychloride reaction was shown to contain difluoro- 
malonic acid and octafluoroadipic acid. The latter comprised approximately 1% of the 
original acid mixture and, as yet, its preeursor(s) in the polyfluorocyclohexene mixture has 
not been identified, 

Reduction of difluoromalonyl! chloride with lithium aluminium hydride gave 2 ; 2-di- 
fluoropropane-| ; 3-diol, characterised as its di-p-nitrobenzoate. However, dimethyl 
difluoromalonate,*? on reduction with the same reagent, fails to give the diol.” 

Condensation of difluoromalonyl chleride with benzene, in the presence of aluminium 
chloride, gave the 1: 3-diketone, dibenzoyldifluoromethane. This gave only a mono- 
oxime, and no 2: 4-dinitrophenylhydrazone (conditions used by Simons, Black, and 
Clark *). 

An attempt was made to prepare b-acetyl-1 : 1-difluoroacetone by the condensation of 
difluoromalony! chloride and diethyl sodiomalonate (molar ratio 1: 2). The reaction did 
not proceed as expected, but gave an extremely viscous product which degraded on 
attempted high-vacuum distillation and was cleaved to its components on treatment with 
water. The following reaction scheme is proposed to explain the formation of this 
polymeric material : 


2CHNa(CO,Et), + ClCO-CF,-COC] —» CI-CO-CF,-CO-CH(CO, Et), + NaCl + CHNa(CO,Et), 
(1) 


Cl-CO-CF C=C (CO, £t), + CHNa(CO,£t), F,-C=C(CO, Et), ] Heat CO-CF,C-O— 
j me “ag pee 
H (1) —- (i). C(CO,Et), J. 


This mechanism accounts for the amounts of sodium chloride (2 moles) and diethy] 
malonate (1 mole) recovered from the reaction, and for the formation of difluoromalon- 
dianilide by treatment of the reaction product with aniline. Ruggli and Maeder * have 
shown that preferential enol-lactone formation takes place in reactions expected to give 
cyclopentane-1 ; 3-diones and straight-chain diketones. Thus, the condensation of succiny] 


CO-CF,-C-O— “NH-CO-CF,-CO 
l | —, | —— CF,(CO-NHPh), + CH,(CO,£t), 
C(CO,Et), |, H(CO,Et), 


chloride and diethyl! sodiomalonate (molar ratio 1 : 2) gave a 45°, yield of an enol-lactone 
isomeric with the expected, but unknown, succinylmalonic ester. These workers isolated, in 
addition, small amounts of the 1 : 4-diketone, succinylbismalonic ester, and its enol-anhydride. 
Treatment of their enol-lactone with aniline gave succindianilide. It should be noted 
that Scheiber '® claimed to have prepared succinyl- and adipyl-malonic esters, but the 
properties of these compounds, apart from certain derivatives, are not given. Enolisation 


* Hauptschein, Stokes, and Nodiff, Amer. Chem. Soc., 1952, 74, 4005. 

* Barbour, Mackenzie, Cencny and Tatlow, /. Appl. Chem., 1954, 4, 341. 

* (a) Hauptechein, O'Brien, Stokes, and Filler, 7. Amer. Chem. Soc., 1953, 75, 87; (b) Haszeldine, 
, 1950, 2789 

’ Fear, Thrower, and Veitch, unpublished work. 

* Simons, Black, and Clark, /. Amer. Chem. Soc., 1963, 76, 5621. 

* Ruggli and Maeder, Helv, Chim. Acta, (a) 1943, 26, 1476; (6) 10944, 27, 436. 

' Scheiber, Her, 1900, 42, 1318. 
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of the ester (I) should be facilitated by the presence of a flanking difluoromethylene group 
(cf. CF,-CO-CH,°CO,H, 66% enolic at 22°),!* but it is likely that the highly strained four- 
membered, enol- tactone ring in (II) would rearrange spontaneously to a linear polyester. 

The ester, di-(2 : 2: 2-trifluoroethyl) difluoromalonate, was obtained in fair yield by 
treating poe dant chloride with 2:2: 2-trifluorocethanol. It was completely 
hydrolysed by an equal weight of water at 100° in 5 hr. There are few references to the 
preparation of diesters of perfluoro-dibasic acids (or their derivatives) and 1 ; 1-H,-perfluoro- 
alcohols. Hauptschein and his co-workers ™ synthesised di-(1; 1 -H,-perfluorobutyl) 
perfluoroglutarate by use of perfluoroglutaric anhydride, because of their difficulty in 
producing satisfactory yields of perfluorodiacyl chlorides. Their ester was only slightly 
hydrolysed in 10°, potassium carbonate solution, but easily so in 10%, potassium hydroxide 
solution. 

Disilver difluoromalonate reacted extremely vigorously with iodine in the absence of 
solvent. No difluorodi-iodomethane was isolated, but silver iodide, carbon dioxide, carbon 
monoxide, and carbonyl fluoride were detected in the reaction products. The stoichei- 
ometry of this complex reaction has not been determined. The formation of these com- 
pounds can best be accounted for by a free-radical mechanism : 


AgO,C:CF,-CO,Ag +21, ——® 10,C-CF,-CO,I +. 2Agl 
10,C-CF,-CO,1 ——® -CF,CO,/ + CO, +1 
-CF,CO,) ——» -CF,CO, +1 
‘CF, CO, ——® CF,O + CO 


a 


Thus, carbonyl! fluoride and carbon monoxide can be conceived as stabilisation products of 
the diradical -CF,°CO,°. Alternatively, the latter could be stabilised by lactone formation, 
with subsequent fission to carbonyl fluoride and carbon monoxide. Carbonyl! fluoride was 
identified by its reaction with aniline to give s-diphenylurea and anilinium fluoride. 
Evidence has been obtained for the formation of difluoroacetolactone by the identification 
of small amounts of its base-cleavage products, oxalic acid and oxanilide. 


Oo HB —HF HB 
CK, ——® B-OC-CF,OH ——m B-OC-COF ——» B-OC-CO'B 
/ HF 
(where B = OH, NHPh) 


A similar scheme has been proposed by Haszeldine,’* and by Hauptschein, Stokes, and 
Grosse ™ for base-cleavage of perfluoro-lactones. Oxalic acid and oxanilide can also be 
considered as derivatives of oxalyl fluoride. However, the formation of this fluoride is 
unlikely, since it would involve fission of a C-F bond. 

In addition to the above products, a small amount of tetrafluorosuccinic acid was 
detected, which could have resulted by dimerisation of the radical -CF,°CO,I, followed 
presumably by hydrolysis. No tetrafluoro-1 : 2-di-iodoethane, the decarboxylation product 
of 10,C-(CF,},°CO,1, was detected. In view of the recent suggestion by Stewart and Cady 
that the thermal decomposition | of trifluoroacetyl hypofluorite proceeds by a *CF, radical 
mechanism, the breakdown of -CF,°CO,I to give *CF,:, and hence tetrafluoroethylene, may 
be possible. However, further work will be necessary to establish this point. 

Haszeldine ™ proposed the initial formation of hypoiodites in silver salt reactions with 
iodine and made use of a free-radical mechanism, similar to the above, to explain lactone 
formation with disilver hexafluoroglutarate and octafluoroadipate. However, Hauptschein 
and his co-workers ™ reported that the thermal degradation of the latter with iodine failed 


1! Haszeldine and Sharpe, “ Fluorine and its Compounds,’ Methuen and Co., Ltd., London, 1961, 
p. 94. 

1 Haszeldine, Nature, 1951, 168, 1028. 

4 Hauptschein, Stokes, and Grosse, J. Amer. Chem. Soc., 1962, 74, 1974. 

4 Stewart and Cady, ibid., 1955, 77, 6110. 
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to yield perfluorovalerolactone ; their main product was octafluoro-1 : 4-di-iodobutane. It 
is of interest that carbon monoxide has been reported as a product of the reaction of certain 
disilver salts of unfluorinated dibasic acids with iodine.'® 


EXPERIMENTAL 

Treatment of Fluovo-dibasic Acid Mixture with Phosphorus Oxychloride.—Freshly distilled 
phosphorus oxychloride (422 g.) was added to the acid mixture (279 g.), prepared as described 
previously? and the mixture was heated under reflux at 105-—-110° for 44 hr. Distillation 
through a 1 ft. Dufton column gave a liquid (A) (353 g.), b. p. 32-—93°, and a residue (B). 
Fractionation of (A) through a 3 ft. vacuum-jacketed column (Dixon gauze cylinders, 
1/16 « 1/16 in.) afforded the fractions: (i) tetrafluorosuccinic anhydride (39-5 g.), b. p. 54 
55-6"; (ii) (12 @), b. p. 55-5-—66-8"; (iii) difluoromalonyl chloride (85-8 g.), b. p. 66-8-—68-1° ; 
fiv) (23-9 @.), b. p. 681-—86-1°; (v) tetrafluorosuccinyl chloride (6-7 g.), b. p. 86-1-—86-3° [Found ; 
Cl, 323%; equiv. (by titration of total acid after hydrolysis), 55-6, C,O,CI,F, requires Cl, 
313%; equiv., 56°75); (vi) (18-8 g.), b. p. 86-3-—-106-2°; and (vii), a residue (126 g.). 

Characterisation of Tetrafluorosuccinyl Chloride.—(a) Hydrolysis of the acid chloride with an 
excess of water, followed by continuous ether-extraction of the aqueous solution and addition of 
aniline to the ether concentrate, gave dianilinium tetrafluorosuccinate, m. p. 224° (from ethanol 
chloroform) (Found: equiv., 185. Cale. for C,4H,,O,N,F,: equiv., 188). 

(6) Anhydrous ammonia was passed into an ethereal solution of the acid chloride until 
precipitation was complete. The solid was filtered off, washed with ether, triturated with water, 
and then recrystallised from water to give tetrafluorosuccinamide, m, p. 261°. 

(c) Similarly, aniline gave tetrafluorosuccindianilide, m. p, 227-5-—-228° (from aqueous 
acetone) (Found: C, 66-7; H, 3-8. Cale, for C,,H,,0,N,F,: C, 56-5; H, 36%). Padbury and 
Kropa * reported m., p, 220-—225°. 

Detection of Octafluovoadipic Acid.Water (1 1.) was added carefully to residue B (see above), 
and the solution was extracted continuously with ether for 65 hr. Evaporation of the ether 
in wacuo gave an acidic solid (41 g.) which was treated with phosphorus oxychloride (60 g.) as 
above, to give a liquid (42 g.), b. p. 75—116°, Fractionation through a 2 ft. column gave 
difluoromalony! chloride (13-8 g.). No derivatives of tetrafluorosuccinic acid were detected. 

When the residue from this reaction was hydrolysed with water and the solution extracted 
continuously with ether, a solid (16-7 g.) was obtained which, sublimed at 117--140°/0-15 
0-2 mm., gave a dense, white acid (13-6 g.), a part of which (6 g.) was converted into its aniline 
salt (10-5 2 This was recrystallised from ethanol, to give dianilinium difluoromalonate (52%), 
m. p. 164-165" (Found: equiv,, 162, Cale. for C,,H,,O,N,F,: equiv., 163). The mother- 
liquor was evaporated at room temperature and the recovered solid (46°%,) recrystallised once 
from ethanol-chloroform and twice from acetone-chloroform, to give dianilinium octafluoro 
adipate (11%), m. p. 212—212-5° (Found: C, 45-2; H, 35%; equiv., 236. Cale, for 
Cy ON hy C, 454; H, 34%; equiv., 238), Tatlow and Worthington reported m. p. 
212 

2: 2-Difluoropropane-1 ; 3-diol.-A solution of difluoromalonyl chloride (12-2 g.) in ether 
(35 ml.) was added slowly to a stirred suspension of lithium aluminium hydride (4-3 g.) in ether 
(75 ml). The mixture was then heated under reflux, with continued stirring, for 30 min., and 
cooled, water (50 ml.) added dropwise, and the mixture poured into 6n-sulphuric acid (250 m1.). 
The ether layer was separated, the aqueous phase (no detectable fluorine in ionic form) extracted 
continuously with ether for 48 hr., and the combined ether solutions dried (CaSO,), filtered, and 
evaporated to give the crude diol (7-2 g., 93%). Sublimation at 120-—125°/16 mm. gave 2: 2-di- 
fluoropropane-1 ; 3-diol, m, p. 51-—-52° (Found: F, 33-9. Cale. for C,H,O,F,: F, 33-9%). 

Che diol, with p-nitrobenzoy! chloride in pyridine gave the di-p-nitrobenzoate, m, p, 107 
108°, plates from ethanol (Found; C, 49-5; H, 3-1; N, 66; F, 95, C,,H,O,N,F, requires C, 
49-8; H, 2-05; N, 68; F, 93%). 

Dibensoyldifluoromethane.Difluoromalonyl chloride (8-6 g., 0-049 mole) in anhydrous 
benzene (25 ml.) was added dropwise to a stirred suspension of powdered aluminium chloride 
(14-7 w., O- LL mole) in benzene (100 ml.) at 10°. The mixture was stirred for 30 min. at room 
temperature, and then poured on crushed ice (100 g.) and concentrated hydrochloric acid 
(10 ml.). After separation, the aqueous phase was extracted with benzene, and the combined 
benzene solutions were washed with dilute hydrochloric acid, water, dilute sodium hydroxide, 


'* Kleinberg, Chem. Rev., 1947, 40, 381. 
'* Tatlow and Worthington, /., 1952, 1251. 
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and water, and dried (CaSO,). Removal of benzene afforded dibenzoyldifluoromethane (9-0 g., 
68%). After two sublimations at 85——-90°/0-25 mm. and recrystallisation from ethanol (lustrous 
plates), the diketone had m. p. 59—59-5° (Found: C, 60-3; H, 42; F, 144. C,sH,,O,F, 
requires C, 69-3; H, 3-9; F, 146%). 

Treatment of dibenzoyldifluoromethane with hydroxylamine hydrochloride in pyridine at 
ca, 80° for 4 hr. gave, after isolation in the usual manner, a monoxime, m. p. 111-112” (colourless 
plates from light petroleum) (Found: C, 65-6; H, 41; N, 47. C,sH,,O,NF, requires C, 65-5; 
H, 4-0; N,5-1%). Nodioxime was isolated after a five-fold increase in reaction time, 

Condensation of Difluoromalonyl Chloride and Diethyl Sodiomalonate.—Difluoromalonyl 
chloride (17-7 g., 0-1 mole) was added dropwise to a stirred suspension of diethyl sodiomalonate 
(0-2 mole) in dry ether (350 ml.). The orange-yellow mixture was stirred and heated under 
reflux for 30 min., set aside overnight, and filtered with suction to remove sodium chloride 
(11-5 g., after ether-extraction and air-drying. Note : removal of sodium chloride as an aqueous 
solution results in cleavage of the reaction product to diethy! malonate and difluoromalonic acid), 
The combined filtrate and extract were dried (CaSO,), and after removal of the ether the resultant 
yellow fluid was distilled in vacuo, to give diethyl malonate (13 g., 0-08 mole), b, p. 85— 
88°/11 mm., nff 1-4118, and an oily residue (30-1 g.) [Found : F, 13-7%; M (eryoscopically in 
benzene), 688. (C,H ,O,F,), requires F, 144%}. Attempted distillation of a portion of the 
latter at 5 x 10° mm, (bath-temp. 150-—180°) resulted in a marked increase in viscosity, with 
some degradation of the distilland as shown by darkening, a slow increase of pressure, and slight 
evolution of hydrogen fluoride, Addition of aniline (0-70 g.) to the above oily residue (1-0 g.) in 
ether (20 ml.) gave a minute precipitate, which was filtered off and identified as dianilinium 
difluoromalonate, m. p. 163-5-—-164° (from ethanol). The filtrate, on being kept overnight, 
deposited difluoromalondianilide (0-42 g.), m. p. 197° (from aqueous ethanol), undepressed in 
admixture with an authentic sample.* Evaporation of the ethereal mother-liquor gave a 
viscous residue, containing diethyl malonate, from which there was isolated a further crop 
(0-35 g.) of the dianilide. Thus, the total yield of difluoromalondianilide, based on 
(CygH Ook’ s)n, WAS 70%. 

Di-(2: 2: 2-trifluoroethyl) Difluoromalonate.—Trifluoroethanol (9-91 g.) and difluoromalony! 
chloride (8°76 g.) were heated together, under reflux, until the evolution of hydrogen chloride was 
complete (ca. 48 hr.), then poured into water (20 ml.), and the lower ester layer was washed 
with 1% sodium hydrogen carbonate solution and water, dried (MgSO,), filtered, and distilled, 
to give the ester (8-6 g., 57%), b. p. 157-—159°, dj} 1-525, n¥? 1-326 (Found: F, 49-9. C,H,O,F, 
requires F, 50-0%), 

Disilver Difluoromalonate.-Water (14-4 g., 100% excess) was added to difluoromalonyl 
chloride (35-4 g.) under a condenser, Slow evolution of hydrogen chloride resulted and the rate 
of hydrolysis was increased by heating at 70° and finally at 90° to complete the reaction, 
Hydrogen chloride and excess of water were removed at 70--80°/15 mm, (7 hr,), to give 
crystalline difluoromalonic acid (25-6 g., 91:5%). 

The acid (25-0 g.) was dissolved in water (5600 ml.), and silver oxide (42-0 g.) added; the 
stirred mixture was then heated at 100° until reaction was complete. Excess of silver oxide was 
filtered off and the filtrate evaporated to give disilver difluoromalonate (59-0 g., 93-2%), as light 
grey crystals. This salt recrystallised from water or aqueous ethanol as white needles (Found : 
PF, 10-8; Ag, 60-5. C,O,F,Ag, requires F, 10-7; Ag, 61:-0%),. 

Interaction of Disilver Difluoromalonate with lodine.—The finely divided disilver salt (3-54 g.) 
was intimately mixed with powdered iodine (5-58 g.) in a flask fitted with a wide-bore condenser 
(surrounded by a Dewar flask containing solid carbon dioxide) connected to (i) a trap cooled at 

80°, (ii) two traps, each containing aniline (3-72 g.) in dry ether (26 ml,), (iii) a trap cooled at 

80°, (iv) a carbon monoxide indicator tube,” (v) a magnesium perchlorate drying tube, and 
(vi) a weighed carbon dioxide absorption tube containing soda-asbestos (5 g.) and magnesium 
perchlorate, protected by a calcium chloride tube. The apparatus was swept with pure dry 
nitrogen 

Momentary heating caused vigorous evolution of gas, lasting ca. 5 min.; the reaction could 
not be controlled. During this stage, a yellow solid was deposited in the first of the “ aniline "’ 
traps, and the presence of carbon monoxide in the gaseous products was evident by the develop- 
ment of a brown stain in the yellow filling of the indicator tube. After the gas flow had subsided, 
the flask was heated strongly for 5 min, and passage of nitrogen was continued for a further 
30 min.; solid was then deposited in the second “ aniline "’ trap. 


17 Ministry of Supply Aircraft Process Specification, D.T.D. 922A, H.M.S.0., London, February, 1948, 
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Carbon dioxide (0-45 g.) was absorbed by the soda-asbestos. No material was found in 
traps (i) and (iii), No organic liquids were recovered by heating the contents of the reaction 
flask, but silver iodide (4-47 g., 96%) was isolated. The precipitate in the first ‘ aniline’ trap 
was filtered off and washed with ether, to give anilinium fluoride (0-14 g.). Evaporation of the 
filtrate and treatment of the residue with dilute hydrochloric acid yielded s-diphenylurea 
(0-81 g.), m. p. and mixed m, p. 241—~242° (after recrystallisation from aqueous ethanol) (Found : 
C, 786; H, 60; N,120. Calc. forC,,H,ON,: C, 73-6; H, 5-7; N, 132%). Similarly, there 
was isolated from the second “ aniline ”’ trap, anilinium fluoride (0-01 g.), and oxanilide (0-1 g.), 
m, p. and mixed m, p, 262—-253°. 

On exposure of the condenser to air a white crystalline solid was formed on its walls. This 
was dissolved in ether (10 ml.) and aniline added dropwise until precipitation was complete. 
The salt formed (0-13 g.) was recrystallised from ethanol—chloroform [dianilinium tetrafluoro- 
succinate (13%), m. p. 220° (equiv., 187)]. Evaporation of the mother-liquor at room temper- 
ature afforded a white solid (after washing with chloroform), which on recrystallisation from 
ethanol-chloroform gave dianilinium oxalate (17%), m. p. and mixed m. p. 160° (Found: equiv., 
139. Calc, for C,\,H,,O,N,: equiv., 138), 


The authors thank Mrs, M. A, White for experimental assistance and Mr, T. R. F. W. Fennell 
and his staff for the analyses. 


Koval Aincrart ESTABLISHMENT, FARNBOROUGH, HANTS. [Received, March 15th, 1956). 


614. The Chemistry of Fluorene. Part V.* The Preparation of 9: 9- 
Dialkylfluorenes and the Dehydrohalogenation of 9-Halogenoalkyl- 


fluorenes. 
By E. J. Greennow and D. McNew. 


Reaction of alkyl sulphates or dichloroalkanes with 9-sodio-9-alkyl- 
fluorenes appears a convenient route to 9: 9-dialkyl- and 9-alkyl-9-halogeno- 
alkylfluorenes respectively, 

Dehydrohalogenation of 9-halogenoalkylfluorenes yields an ethylidene- 
fluorene or a cyclopropanespiro-9-fluorene derivative depending on the posi- 
tion of the halogen atom ; 9-alkyl-9-halogenoalkylfluorenes are more difficult to 
dehydrohalogenate, those with a 1’-halogen atom undergoing an intramolecular 
change to 9: 10-dialkylphenanthrenes in methanolic potassium hydroxide at 
150° whereas under these conditions 9-2’-chloroethyl-9-methylfluorene yields 
a mixture of 9-2’-methoxyethyl-9-methyl- and 9-methyl-9-vinyl-fluorene., 
The latter is readily rearranged to 9 : 10-dimethylphenanthrene, and a similar 
rearrangement occurs with 9-allyl- and 9-allyl-9-methyl-fluorene. 

The so-called -isopropenylfluorene! has been shown to be 2’-methyl- 
cyclopropanespiro-9-fluorene. 


In Part II of this series * the preparation of 9-sodio-9-methylfluorene and its condensation 
with ethylene chlorohydrin and ethylene dichloride were described. This and the 9-ethy! 
analogue (conveniently prepared by the same technique) have been condensed with methyl 
and ethyl sulphate, and the former with allyl chloride, to yield the corresponding 9 : 9-di- 
alkyl and alkenyl-alkyl derivatives. Although the yields are rather lower than in similar 
reactions with 9-sodiofluorene (Part I *), this method appears to furnish a convenient route 
to 9 : 9-disubstituted fluorenes. 

9-Chloromethyl- and 9-1’-chloroethyl-9-ethylfluorene have been prepared by the re- 
action of 9-sodio-9-ethylfluorene with methylene and ethylidene chloride respectively, The 
dehydrohalogenation of these compounds and of 9-2’-chloroethyl-9-methyl-,? 9-(2-chloro-1- 
methylethyl)-, 9-1’-bromoethyl-, and 9-2’-bromoethyl-fluorene has been studied for compari- 
son with that of 9-2’-chloroethylfluorene.* When heated with potassium hydroxide, 


* Part IV, /., 1054, 3116, 

* Badger, Cook, and Schwarz, J., 1952, 117. 
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* Greenhow, White, and McNeil, /., 1961, 2848. 
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9-1’-bromoethylfluorene yields, as expected, 9-ethylidenefluorene ; 9-2’-bromoeth , 
like the chloro-analogue, gives cyclopropanespiro-9-fluorene ; and 9-(2-chloro-1-methylethyl)- 
fluorene gives methyleyclopropanespiro-9-fluorene (1; R = Me). The structure of this 
compound follows from the similarity of its infrared spectrum, which does not contain 
absorption peaks characteristic of an ethylenic linkage or a terminal methylene group, to 
that of cyclopropanespiro-9-fluorene,* and from formation of a picrate, which distinguishes 
it from 9-alkyl- and 9 : 9-dialkyl-fluorenes. Badger, Cook, and Schwarz ' described the 
preparation of ‘‘ 9-4sopropenylfluorene ” from 9-potassio-9-cyanofluorene and propylene 
oxide; a sample of this product, kindly supplied by Professor J. W. Cook, was found to 
be identical (m. p. and mixed m. p. 97—98° and identical infrared spectra) with the de- 
hydrohalogenation product (I; R = Me). 


H ‘CHR +CH,X 


R° ‘CHX+CHLR 


CHR + CH, X R” CHR: CH} R CR=eCH, 


As already noted,? replacement of the remaining 9-hydrogen in 9-2’-chloroethylfluorene 
by an alkyl group prevents the formation of a spirocyclopropane derivative and renders 
elimination of hydrogen chloride much more difficult. Thus the 9-methyl derivative was 
unaffected by treatment with solid potassium hydroxide at 300° or refluxing alcoholic 
potassium hydroxide, although when refluxed with quinoline it gave a small amount of 
9 : 10-dimethylphenanthrene, 9-Chloromethyl-9-ethyl-, 9-1’-chloroethyl-9-ethyl-, and 9-2’- 
chloroethyl-9-methylfluorene were almost quantitatively dehydrohalogened by methanolic 
potassium hydroxide under pressure, the products from the first two being 9-ethyl- and 
9-ethyl-10-methylphenanthrene respectively. The product from the third was resolved by 
chromatography into a colourless oil and a solid. The infrared spectrum of the oil was 
similar to that of 9-allylfluorene (bands typical of an ethylenic linkage and a terminal 
methylene group); the oil readily formed a dibromide, and its ultraviolet spectrum was 
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that of a substituted fluorene, It is, therefore, 9-methyl-9-vinylfluorene, the first example 
recorded of a fluorene derivative with a 9-vinyl group, The solid product proved to be 
9-methy!-9-2’-methoxyethylfluorene, 

The products formed on dehydrohalogenation of 9-halogenoalkylfluorenes are similar, 
with one exception, to those obtained by dehydration of the corresponding hydroxyalkyl- 
fluorenes over alumina,? and somewhat similar mechanisms (a—d) are proposed (R = H 
or alkyl; RK’ = alkyl; X = halogen). 

The exception is 9-2’-chloromethyl-9-methylfluorene which yields 9-methyl-9-vinyl- 
fluorene, whereas 9-2’-hydroxymethy!-§-methylfluorene gives 9 ; 10-dimethylphenanthrene. 
The ready conversion of the methylvinylfluorene into 9: 10-dimethylphenanthrene on 
treatment with phosphoric oxide at 180° and the formation of a small amount of the latter 
from 9-2’-chloromethyl-9-methylphenanthrene when refluxed with quinoline might suggest 
that the vinyl compound is an intermediate in the fluorene-phenanthrene change. 9- 
Hydroxymethyl- and 9-chloromethyl-fluorene, however, both yield methylphenanthrene 
on elimination of water or hydrogen chloride, and the intermediate formation of a vinyl 
compound is not possible in these cases; it clearly is not a necessary intermediate in the 
intramolecular change. 

It is probable that the formation of 9: 10-dimethylphenanthrene when 9-2’-chloro- 
methyl-?-methylfluorene is refluxed with quinoline is due to the decomposition of an inter- 
mediate quinolinium salt. The addition of a proton under acid conditions explains the 


isomerisation of 9-methyl-9-vinylfluorene to 9 ; 10-dimethylphenanthrene when heated with 
phosphoric oxide, and this change also occurs with 9-allyl-9-methylfluorene which, when 
heated with phosphoric oxide at 200°, give a good yield of 9-ethyl-10-methylphenanthrene. 


EXPERIMENTAL 

9-Sodio-@methyl- and 9-2’-chloroethyl-9-methyl-fluorene were prepared as described 
earlier.* 

9. Sodio-9-ethylfluorene.-9-Ethylfluorene (40 g.) and powdered sodaraide (8-5 g.) were heated 
at 190-—200° in decahydronaphthalene (150 c.c.) with stirring for 4 hr. in dry nitrogen, giving 
9-sodio-B-ethylfluorene as a brown solid (yield was ~100%) (Found: Na, 10-3. C,,H,,Na 
requires Na, 10-7%). The sodio-compound was washed with light petroleum before use. 

9 : 9 Dimethylfluorene.-9-Sodio-9-methylfluorene (45 g.), methyl sulphate (50 c.c.), and benz- 
ene (200 c.c.) were refluxed for 16 hr, The product was filtered and the filtrate evaporated 
at reduced pressure, The residual oil, fractionated in vacuo, gave 9 : 9-dimethylfluorene, b. p. 
158-—-160°/15 mm, (33 g.) (Found: C, 92-4; H, 7-3. Calc. for C,,H,,: ©, 92-8; H, 72%). 
The dimethylfluorene crystallised from light petroleum as prisms, m. p. 72-—-74°. Chromato- 
graphy through alumina gave a product which crystallised from light petroleum as prisms of 
the same m. p, but repeated recrystallisation from ethano! raised it to 96°. 

9-Ethyl-9-methylfuorene.—-9-Sodio-9-ethylfluorene (10 g.), methyl sulphate (30 c.c.), and 
benzene (100 c.c.) were refluxed for 10 hr., then filtered, and the filtrate evaporated to an oil 
which was then boiled with 20% w/w sodium hydroxide solution (150 c.c.) to decompose excess 
of methy! sulphate. The mixture was extracted with ether, and the ether layer washed, dried 
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(MgSO,), filtered, and evaporated to a clear oil (7-8 g.), which, fractionated in vacuo, gave 9- 
ethyl-9-methylfluorene, b. p. 1566—161°/12-5 mm. (6-8 g.), plates (from ethanol), m. p. 61-—62° 
(Found: C, 92-1; H, 7°7. CygHy, requires C, 92-3; H, 7-7%). 

9 : 9-Diethylfluorene.—9-Sodio-9-ethylfluorene (10 g.), ethyl sulphate (30 c.c.), and benzene 
(100 c.c.) gave, as above, crude 9 : 9-diethylfluorene (7-7 g.), b. p. 150-—163°/11-5 mm, (6-4 g.) 
which did not solidify. When this was boiled with a small quantity of sodamide in light petrol- 
eum (b. p. 100—120°) for 10 min, (to remove traces of ethyl sulphate and 9-ethylfluorene), the 
recovered diethylfluorene solidified and crystallised from ethanol as needles m. p, 20—-30° 
(Found: C, 91-6; H, 80. C,,H,, requires C, 91-9; H, 81%). 

9-A llyl-9-methylfluorene —9-Sodio-9-methylfluorene (10 g.), allyl chloride (20 c.c.), and benz- 
ene (50 c.c.) were refluxed for 6 hr. Sodium chloride (3-0 g.) was filtered off and the filtrate 
evaporated under reduced pressure to a yellow oil (12-5 g.), giving 9-allyl-0-methylfluorene 
(7-8 g.), b. p. 143—150°/3 mm. (Found: C, 92:3; H, 74%; M, 215. C,,Hy, requires C, 92-7; 
H, 7:3%; M, 220). 

9-Chloromethyl-9-ethylfluorene.-—-9-Sodio-9-ethylfluorene (20 g.), methylene chloride (50 c.c.), 
and light petroleum (b. p, 40—60°; 150 c.c.) were heated under reflux for 6 hr., then filtered, 
and the filtrate was evaporated on the water-bath to a viscous oil which, fractionated in vacuo, 
gave 9-chloromethyl-9-ethylfluorene, b. p. 128—132°/1 mm, (16-4 g.) (Found: C, 79-7; H, 6-3; 
Cl, 141. C,,H,,Cl requires C, 79-2; H, 6-2; Cl, 146%). 

9-1’-Chloroethyl-9-ethylfluorene.—9-Sodio-9-ethylfluorene (40 g.), ethylidene chloride (30 ¢.c.), 
and light petroleum (b. p. 60—80°; 200 c.c.) were heated under reflux for 8 hr. They afforded 
9-1’-chloroethyl-9-ethylfluorene, b. p. 126—130°/1 mm. (42 g.) (Found: C, 80-0; H, 6-7; Cl, 13-4. 
C,,H,,Cl requires C, 79-5; H, 6-6; Cl, 13-8%). 

9-(2-Chloro-1-methylethyl) fluorene.—9-Sodiofluorene (60 g.), heated under reflux with 1 ; 2-di- 
chloropropane (50 c.c.) and light petroleum (b, p. 60-—80°; 200 c.c.) for 10 hr., gave fluorene 
(31 g.) and an oil, b. p. 180—190°/6 mm. (28 g.). The latter was diluted with light petroleum 
(b. p. 40—60°) and cooled and the methyleyclopropanespiro-9-fluorene (4-1 g.) filtered off. 
The filtrate was evaporated to a clear oil (22 g.) which, when fractionated in a vacuum through 
a column (5” x 4”) packed with stainless-steel gauze rings, gave 9-(2-chloro-1-methylethyl)- 
fluorene (17-6 g.), b. p. 184—188°/4 mm. (Found: C, 79-5; H, 61; Cl, 13-7. C,gH,,Cl requires 
C, 79-1; H, 62; Cl, 146%). 

9-1’-Bromoethylfluorene,-9-1’-Hydroxyethylfluorene (2 g.) and phosphorus tribromide 
(2-8 g.) were heated at 140° in a sealed tube for 15 hr. The product was treated with acetic 
acid, and water, then extracted with ether, and the ether layer washed with aqueous sodium 
carbonate, filtered, dried, and evaporated, The residue, 9-1’-bromoethylfluovene (2-1 g.), crystal- 
lised from ethanol—water as needles, m. p. 58° (Found: C, 65-7; H, 4-7; Br, 20-65. C,,H,,Br 
requires C, 65-9; H, 4:8; Br, 29-3%). 

9-2’-Bromoethylfluorene,-9-2’-Hydroxyethylfluorene (2 g.) and phosphorus tribromide 
(2-8 g.) were heated at 140° (sealed tube) for 28 hr. The product was diluted with water and 
extracted with ether, and the ether extract neutralised with solid sodium hydrogen carbonate, 
filtered, and evaporated. The residual product (2-2 g.) solidified and crystallised from light 
petroleum (b. p. 40—60°) as needles, m, p. 49-5° (Found ; C, 65-6; H, 4-8; Br, 29-6. C,,H,,Br 
requires C, 65:9; H, 48; Br, 203%). With bromine in carbon tetrachloride at 0° it 
slowly gave 9-bromo-9-2’-bromoethylfluorene, m. p. 80° (hexagonal crystals from light petroleum) 
(Found: C, 50-7; H, 3-5; Br, 46-7. C,,H,,Pr, requires C, 51-1; H, 3-4; Br, 455%), whose 
ultraviolet spectrum is similar to that of 9-bromo-9-bromoethylfluorene. 

Dehydrohalogenations with Solid Potassium Hydroxide.—The halogen compound (5 g.) was 
heated with potassium hydroxide (1-5 g.) with slow stirring for 4 min. at 200°, The mixture 
was then cooled, extracted with water, and acidified. The oily product solidified and was 
crystallised trom propan-l-ol, Results are given in Table 1, 

Dehydrohalogenations with Methanolic Potassium Hydroxide at 150°.—The halogen compound 
(4 g.), potassium hydroxide (5 g.), and methanol (60 c.c.) were heated (sealed tube) at 150° for 
30 hr. The product was diluted with water and extracted with ether. The ether extract was 
dried, filtered, and evaporated and the oily residue was dissolved in light petroleum and chro- 
matographed through alumina (20” x 1”). Results are shown in Table 2. 

9-(1 : 2-Dibromoethyl)-9-methylfluorene.—9-Methy|-9-vinylfluorene (1:85 g.) and bromine in 
carbon tetrachloride (1% v/v; 48 c¢.c.) were mixed and stored at 0° for 20 hr., then evaporated 
under reduced pressure and the residue crystallised from ethanol, to yield the dibromide (1-72 g.), 
prisms, m. p. 120-5—121-0 (Found: C, 52-4; H, 38; Br, 43-7. C,,H,,Br, requires C, 52-5; 
H, 3-8; Br, 43-8%). 
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Fluorene 5g. .p. Analysis, etc. 
9-1’- Bromo- - , (Found; C, 93-5; H, 63%). Dibromide, 
ethyl ixed -. & Pp. and mixed m, p. 93-5° 


9-2’-Bromo- cyclo Propanespiro- 31 . (Found: C, 93-6; H, 64%; M, = 
ethyl V-fluorene (see (mixed m.p. Cale. for C,,H,,: C, 93-7; H, 62%; M, 
Part 11) 70-71) 192). Picrate (irom acetic acid), needles, 

m,. p. 139-5° 
9-(2-Chloro-1- Methyleyclopropane- 3-6 97-—98 (Found : C, 93-1; H, 69. CygHy, re- 
methylethyl)  spiro-9-fluorene quires C, 93-2; H, 68%). Picrate {pre- 
ed in ethanol), yellow needles, m. p. 

08— 109° 


TABLE 2. 
Yield 
(g. from 
Vluorene Product 4¢) M. p. Analysis, etc. 
9-2’-Chloro- 9-Methyl-9-vinyl- 2-6 Oil (Found : 93-1; H, 69. CygHy, requires 
ethyl-0- fluorene C, 93-2; i 6-8%). Bromide, see text 
methy!- 
9-2’-Methoxyethyl- 0-9 (Found: C, 853; H, 7-6. C,,H,,0 requires 
9-methylfluorene C, 85-7; H, 76%) 
9-Chloro 9-Ethylphenan- 2-2 62 - (Found: C, 92-8; H, 6-7. Calc. for C,,H,,: 
methyl-9- threne C, 93-2; H, 68%). Picrate, m. p. 121— 
ethyl- 123° 
9-1’-Chloro- 9-Ethyl-10-methyl- 28 M. p. 84-—85°, mixed m, p. 83—-85°, Picrate, 
ethyl-0- phenanthrene m. p. 150° 
ethyl- 
* Pschorr (Ber., 1906, 39, 3129) gives m. p. 61-—-63° (picrate, m. p. 124°). 


TABLE 3. Absorption spectra [imax (mp) and log e}. 
I luorenes 
9: 9-Dimethyl — 301., 
4 \ 4-05 
9-Ethyl-9-methyl 302 
4-05 
9: 9-Diethyl a 


9-Methy!-9-vinyl . 302 
- 4-06 

0-Allyl - - 301, 
\ * 3-86 


Methylceyclopropanespiro-9- 
fluorene 
Phenanthrenes 
9-Ethyl-10-methyl 


9-Ethyl 


* Inflection. 


Rearrangement of 9-Methyl-9-vinylfluorene.—-9-Methy1-9-vinylfluorene (0-48 g.), phosphoric 
oxide (1 g.), and decahydronaphthalene (10 c,c.) were boiled together for 1 hr., then extracted 
with hot light petroleum (b. p, 100-—120°), and the light petroleum solution was evaporated 
in vacuo, The residual 9; 10-dimethylphenanthrene (0-48 g.) crystallised from propan-l-ol as 
needles, m. p. and mixed m, p. 147-5-—-148-5°. 

Rearrangement of 9-Allylfluorene.—-9-Allylfluorene (9 g.), phosphoric oxide (10 g.), and light 
petroleum (b. p, 100--120°; 40 c.c.) were heated at 200° for 15 br., then filtered. The filtrate 
was treated with charcoal (1 g.), filtered, and evaporated, The oily product (8-6 g.) with picric 
acid in methanol gave a picrate (6-5 g.) and this was decomposed on alumina (20” x }”’) to 
give a solid (2-8 g.) which crystallised from light petroleum (b. p. 40-—-60°) as needles, m. p. 


(1956) Some Chlorinated Derivatives of Phloroglucinol. 3209 


59—61°, mixed m. p. with 9-ethylphenanthrene 61—-63°. The picrate (orange needles from 
methanol) had m. p. and mixed m. p. 121—123°. 

Rearrangement of 9-Allyl-9-methylfluorene.—This fluorene (4:3 g.), phosphoric oxide (4-7 g.), 
and light petroleum (b. p. 100—120°; 20 c.c.) were heated at 200° for 12 hr., then filtered, and 
the filtrate was evaporated to a solid (3-8 g.), which crystallised from methanol as plates, m. p. 
80—81°, mixed m. p. with 9-ethyl-10-methylphenanthrene 81-—-83°. The picrate (orange 
needles from acetic acid) had m, p. and mixed m., p. 150°. 

Absorption Spectra (see Table).—Ultraviolet absorption spectra were determined in absolute 
ethanol with a Hilger ‘‘ Uvispek "’ spectrophotometer. The infrared absorption spectra were 
measured with a Grubb-Parsons S.3A single-beam spectrometer, the powdered specimens being 
suspended in ‘* Nujol.” 


We thank Mr. W. G. Wilman for the spectroscopic examinations and Mr. G. A, Vaughan 
for analyses. We gratefully acknowledge the permission of the Council of the Coal Tar Re- 
search Association and of the Department of Scientific and Industrial Research to publish 
this work. 
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615. Some Chlorinated Derivatives of Phloroglucinol. 
By G. Lioyp and W. B. WHALLEY. 


Phosphorus pentachloride converts 2: 4: 6-trimethoxyphenylacetic acid 
into 3-chloro-2 ; 4; 6-trimethoxyphenylacetyl chloride, but decarboxylates 
2:4: 6-trimethoxybenzoic acid. 2: 4: 6-Trimethoxyphenylglyoxylic acid 
and thiony! chloride give 2: 4 ; 6-trimethoxybenzoy! chloride. 


We have found ' that, contrary to Freudenberg and Harder’s statement,*? attempts to 


prepare 2: 4: 6-trimethoxyphenylacetyl chloride from phosphorus pentachloride and the 
appropriate acid gave an anomalous acid chloride. Friedel-Crafts condensation of this acid 
chloride with resorcinol gave a compound now shown to be 3’-chloro-2 : 4-dihydroxy- 
2’: 4’ : 6’-trimethoxydeoxybenzoin (I). It was readily converted into 3-(3-chloro-2 : 4 : 6- 
trimethoxybenzyl)-6-methoxyccamarone (II) and several derivatives thereof. 

The structure of these compounds follows from hydrolysis of the acid chloride to 
3-chloro-2 : 4 : 6-trimethoxyphenylacetic acid, which was oxidised to 3-chloro-2 : 4: 6- 


oO 
HO OH MeO | MeO MeO Cl 
CO-CH, OMe CH, < ) OMe 
(l) MeO MeO 


(Ih) 


CHO 
MeO HO OH MeO OMe 
co 
(ih) OMe (iV) 
trimethoxybenzaldehyde (III), and synthesised from this aidehyde by standard methods. 
Since 2 : 4; 6-trimethoxybenzoyl chloride is not described in the literature we tried to 


prepare it from the acid by phosphorus pentachloride, but decarboxylation occurred under 
a wide variety of conditions to produce phloroglucinol trimethy! ether (cf. Holmes, White, 


? Whalley and Lloyd, following paper. 
* Freudenberg and Shuline. Annalen, 1926, 451, 213. 


3210 Lloyd and Whalley : 


and Wilson *), Thionyl chloride and 2: 4: 6-trimethoxyphenylglyoxylic acid, however, 
give the requisite 2: 4: 6-trimethoxybenzoyl chloride (cf. Acree *) since interaction with 
resorcinol furnished 2: 4-dihydroxyphenyl 2: 4: 6-trimethoxyphenyl ketone (IV), the 
structure of which was proved by an alternative synthesis. In our hands treatment of 
2:4: 6-trimethoxybenzoic and of 2:4: 6-trimethoxyphenylacetic acid with thionyl 
chloride furnished intractable products. 

The preparation of some chlorinated derivatives of phloroglucinol is also described, 


EXPERIMENTAL 


(With R. B, Travers.) 3-(3-Chloro-2: 4: 6-trimethoxybenzyl)-6-methoxycoumarone (I1).— 
The product obtained from 2: 4: 6-trimethoxyphenylacetic acid (12-5 g.) and phosphorus 
pentachloride (17 g.) was slowly added in nitrobenzene (50 ml.) at 10° to resorcinol (10 g.) in nitro- 
benzene (50 ml.) containing aluminium chloride (20 g.). Next day the product was isolated 
in the usual manner and the dark semicrystalline mass (20 g.) remaining after removal of the 
nitrobenzene in steam was purified from aqueous methanol, to furnish 3’-chloro-2 : 4-dihydroxy- 
2’: 4’: 6 -trimethoxydeoxybenzoin (12 g.), needles, m. p. 175°, having an intense red-brown 
ferric reaction in alcohol [Found: C, 58-0; H, 5-0; Cl, 164; OMe, 26-1. C,,H,O,Cl(OMe), 
requires C, 58-0; H, 4-8; Cl, 10-0; OMe, 26-4%). 

Heating this ketone (10 g.) with excess of methyl iodide and potassium carbonate (10 g.) 
in acetone (100 ml.) for 1 hr. furnished 3’-chloro-2-hydroxy-4 : 2’: 4’ : 6’-tetramethoxydeoxy- 
benzoin (8 g.) which separated from acetone in prisms, m. p, 169°, giving an intense red-brown 
ferric reaction in alcohol {[Found; C, 59-1; H, 5-4; Cl, 96; OMe, 34-2. C,,H,ClO,(OMe), 
requires C, 58-9; H, 6-2; Cl, 9-7; OMe, 33-99%), 

The latter ketone (5 g.) with ethyl bromoacetate (2-5 g., 1-05 mol.) containing potassium 
carbonate (10 g.) in boiling acetone (100 ml.) yielded in 8 hr. 3’-chloro-2-ethoxycarbonylmethoxy- 
4: 2’: 4’: 6-tetramethoxydeoxybenzoin (4:5 g.), prisms, m. p. 120° (from ethanol), having a 
negative ferric reaction in ethanol (Found: C, 587; H, 6-5; Cl, 7-7. Cy ,H,,O,Cl requires 
C, 587; H, 5&1; Cl, 77%). This (5 g.) was quantitatively hydrolysed by aqueous-alcoholic 
2n-sodium hydroxide (100 ml.) in 30 min. to 2-carboxymethoxy-3'-chloro-4 : 2’: 4’ : 6’-tetra- 
methoxydeoxybenzoin, which separated from benzene or from acetone in prisms, m. p, 207° 
[Found: C, 66-8; H 5&1; Cl, 80; OMe, 20-4, C,,H,CIO,(OMe), requires C, 56-5; H, 5-0; 
Cl, 84; OMe, 202%). 

Cyclisation of this acid (2 g.) in boiling acetic anhydride (20 mi.) containing sodium acetate 
(5 ¢.), during 1} hr., furnished 3-(3-chloro-2: 4 : 6-trimethoxybenzyl)-6-methoxycoumarone (1-5 g.) 
which separated from methanol in prisms, m. p. 131° [Found: C, 62-7; H, 5-3; Cl, 8-9; 
OMe, 33-6. C,,H,CiO(OMe), requires C, 63-0; H, 5-2; Cl, 9-7; OMe, 34:2%). The yellow 
solution of this coumarone in concentrated sulphuric acid became blue when warmed. 

Oxidation of this coumarone (0-5 g.) in acetic acid (20 ml.) with chromium trioxide (0-3 g.) 
on the steam-bath during 10 min, followed by dilution with water (50 ml.) furnished a semi- 
crystalline solid, which was purified from methanol to furnish 3’-chloro-2-hydroxy-4 : 2’; 4’ : 6’- 
tetramethoxydeoxybenzoin (0-1 g.) (cf. Schénberg, Badran, and Starkowsky °). 

3-(3-Chloro-2 : 4: 6-trimethoxybenzyl)-2 : 3-dihydro-6-methoxycoumarone.—(a) A solution of 
the previous coumarone (1 g.) in acetic acid (75 ml.) containing a catalyst prepared from charcoal 
(0-5 g.) and palladium chloride (0-25 g.) was shaken in hydrogen; absorption (50 ml., 0-6 mol.) 
ceased after 2 hr, Crystallisation of the product from methanol gave unchanged coumarone 
(0-2 g.) and then 3-(3-chloro-2 : 4 : 6-trimethoxybenzyl)-2 : 3-dihydro-6-methoxycoumarone (0-2 g.), 
needles, m, p, 92° (Found: C, 62-8; H, 6-2; Cl, 10-0. C,,H,,O,Cl requires C, 62-6; H, 6-1; 
Cl, 7%) 

(b) 3-(3-Chloro-2 ; 4: 6-trimethoxybenzyl)-6-methoxycoumarone (2 g.) in alcohol (100 ml.) 
containing Raney nickel (10 g.) was heated under reflux for 20 hr. The concentrated filtrate 
deposited unchanged starting material (1-2 g.) and then 3-(3-chloro-2 : 4 ; 6-trimethoxybenzy])- 
2: 3-dibydro-6-methoxycoumarone (0-5 g.) identical with the product from method (a). 

3-Chloro-2 : 4: 6-trimethoxyphenylacetic Acid.—(a) 2: 4: 6-Trimethoxyphenylacetic acid (5 g.) 
was warmed with phosphorus pentachloride (7 g.) to 30° and after the initial reaction had 


* Holmes, White, and Wilson, J., 1960, 2810. 
* Acree, /. Amer. Chem., 1913, 60, 389. 
* Schénberg, Badran, and Starkowsky, ibid., 1955, 77, 1019. 
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subsided the mixture was heated on the steam-bath during 5 min. After removal of the phos- 
phorus oxychloride in a vacuum the residual brown solid was warmed on the steam-bath during 
1 hr. with 2n-sodium hydroxide (100 ml.). Acidification then precipitated 3-chloro-2 ; 4; 6- 
trimethoxyphenylacetic acid which separated from aqueous methanol in needles (48 g.), m. p. 
168° (Found: C, 51-3; H, 53; Cl, 14-0. C,,H,,O,C! requires C, 50-8; H, 5-0; Cl, 13-7%). 
When 2: 4: 6-trimethoxyphenylacetic acid was treated as described by Freudenberg and 
Harder * for the preparation of the acid chloride, hydrolysis of the product furnished only 
3-chloro-2 : 4; 6-trimethoxyphenylacetic acid. 

(b) A solution of phloroglucinol trimethyl ether (1 g.) in chloroform (50 m!.) containing 
phosphorus pentachloride (4 g.) was kept at 20° during 3 hr. and then evaporated on the steam- 
bath. The colourless solid obtained by the addition of water to the residue was purified from 
aqueous methanol and then from light petroleum (b. p. 60-—-80°), to furnish 2-cnloro-1 ; 3: 5- 
trimethoxybenzene (1-1 g.) in plates, m. p. 93° (Found: C, 53-2; H, 5-6; Cl, 17-5; OMe, 45-2. 
C,H,Cl(OMe), requires C, 53-3; H, 5-4; Cl, 17-5; OMe, 45-09%). 

A solution of this compound (1 g.) in ether (25 ml.) containing zine chloride (1 g.) 
and hydrogen cyanide (2 ml.) was saturated at 0° with hydrogen chloride, 24 Hr. later the 
semicrystalline precipitate was collected and added to water (100 ml.) containing 2n-sodium 
hydroxide (20 ml.), and the mixture heated to the b. p. during 15 min,; the aldimine complex 
dissolved to form a clear solution. On cooling, 3-chloro-2 ; 4 : 6-trimethoxybenzaldehyde separated 
and crystallised from light petroleum (b. p. 60-—80°) in needles (0-5 g.), m. p. 122° (Found: 
C, 52-1; H, 5-0; Cl, 15-2; OMe, 40-5. C,H,OCI(OMe), requires C, 52-0; H, 4:8; Cl, 16-4; 
OMe, 40-:3%]. The oxime separated from aqueous alcohol in prisms, m. p, 192° (Found; 
C, 48-7; H, 50; N, 5:7. CygHyO,NCl requires C, 49-0; H, 4:9; N, 57%). 

Reduction of this aldehyde (1-2 g.) during 4 hr. by the Clemmensen method furnished 
3-chlovo-2 : 4: 6-trimethoxytoluene which separated from aqueous alcohol in needles (0-6 g.), 
m. p. 95° [Found: C, 55-5; H, 63; OMe, 42-9; Cl, 163, C,H,Cl(OMe), requires C, 55-3; 
H, 6-0; OMe, 42-9; Cl, 16-4%)]. This compound did not furnish an aldehyde by the Gatter- 
mann method, 

The aldehyde (0-7 g.), sodium acetate (0-5 g.), hippuric acid (1 g.), and acetic anhydride 
(2 ml.) were heated on the steam-bath for 1 hr,, then diluted with 50% aqueous ethanol (100 
ml.), and the product was collected 4 hr, later, Purification from aqueous ethanol furnished 
the azlactone (0-8 g.) in yellow needles, m. p, 161° (Found; C, 61-4; H, 44; N, 37. 
CygH yO ,NCl requires C, 61-0; H, 43; N, 3-7%). 

This azlactone (0-7 g.) in 10% aqueous sodium hydroxide (100 ml.) was refluxed for 6 hr. 
After separation of the benzoic acid by the use of sulphur dioxide 3-chloro-2 : 4: 6-trimethoxy- 
phenylpyruvic acid was obtained in plates, m, p. 115° (0-35 g.), from hot water (Found ; C, 46-9; 
H, 5-0. C,,H,,0,Cl1,H,O requires C, 47-1; H, 4:9%). 

A stirred solution of this acid (0-25 g.) in 3% aqueous sodium hydroxide (30 ml.) was treated 
at 0° with 50-vol. hydrogen peroxide (4 ml,) during 15 min, 48 Hours later the solution was 
acidified and the precipitate purified from aqueous methanol to furnish 3-chloro-2 ; 4 ; 6-tri- 
methoxyphenylacetic acid (0-2 g.) in needles, m. p. 169°, identical with the specimen prepared 
by method (a) (Found: C, 50-3; H, 5-1%), 

2: 4-Dichloro-1 : 3: 5-trimethoxybenzene.(a) A solution of 1: 3: 5-trimethoxybenzene 
(1 g.) in ether (50 ml.) was treated at 0° with sulphury! chloride (1-5 ml.) in three portions 
during 30 min, 2 Hr, later the ether was evaporated. The residual 2: 4-dichloro-1: 3: 5- 
trimethoxybenzene (1-5 g.) crystallised from methanol in needles, m. p. 129° (Found: C, 45-65; 
H, 4-4; Cl, 20-7; OMe, 39-1. C,HCI,(OMe), requires C, 45-6; H, 4:3; Cl, 20-9; OMe, 39-2%], 

(6) A solution of 1: 3: 5-trimethoxybenzene (3 g.) in chloroform (25 ml.) containing phos- 
phorus pentachloride (10 g.) was kept at room temperature until the chloride had dissolved, 
The solvent was then evaporated, water added, and the crystalline residue purified from light 
petroleum (b, p. 60—80°) to give 2; 4-dichloro-1 ; 3: 5-trimethoxybenzene (4-2 g.) in needles, 
m. p. 129°, identical with the specimen prepared by method (a) 

Oxidation of 3-Chlovo-2 : 4: 6-trimethoxyphenylacetic Acid.-A solution of this acid (1 g.) 
in acetic acid (50 ml.) containing chromium trioxide (1-5 g.) was refluxed during 1 hr.; then 
the solvent was removed. Separation of the residue into neutral and acidic fractions furnished 
a neutral substance which was purified from light petroleum (b. p. 60-—80°) to yield 3-chloro- 
2: 4: 6-trimethoxybenzaldehyde (0-2 g.), m. p. and mixed m. p. 120°. 

3-Chloro-2 : 4: 6-trimethoxybenzoic Acid.-A suspension of 3-chloro-2: 4: 6-trimethoxy- 
benzaldehyde (0-5 g.) in boiling 10% sodium hydroxide solution (50 ml.) was oxidised by addition 
during } hour of potassium permanganate (0-3 g.) in water (20 ml.), The acidic product, 
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crystallised from water, furnished 3-chloro-2: 4: 6-trimethoxybenzoic acid (0-3 g.) in needles, 
m, p. 185-—186° (decomp.) (Found: C, 48-8; H, 4-8; Cl, 14-7; OMe, 37-2. C,H,O,Cl(OMe), 
requires C, 48-8; H, 4-6; Cl, 144; OMe, 37-7%)}. 

3: 56-Dichloro-2 : 4: 6-trimethoxytoluene,—Prepared by the addition during 1 hr. of sulphuryl 
chloride (3 ml.) to a solution of phloroglucinaldehyde (2 g.) in ether (50 ml.) at 0°, followed by 
removal of solvent at room temperature 24 hr. later, 3 : 5-dichloro-2 : 4 : 6-trihydroxybenzaldehyde 
(3 g.) separated from ethyl acetate—light petroleum (b. p, 60—80°) in plates, m. p. 142° (Found : 
C, 38-0; H, 2-0; Cl, 32-5. C,H,O,Cl, requires C, 37-7; H, 1-8; Cl, 31-8%). The oxime formed 
pale yellow prisms, m, p. 178° (decomp.), from aqueous ethanol (Pound: C, 5-9. C,H,O,CI,N 
requires N, 59%). 

Methylation of this aldehyde (1 g.) by methyl sulphate-acetone-potassium carbonate 
(4 hr.) gave 3: 5-dichloro-2 : 4: 6-trimethoxybenzaldehyde (100%) which from light petroleum 
(b. p. 60-80") formed pale yellow needles, m, p. 115°, not giving a ferric reaction in alcohol 
[Found: C, 45-7; H, 3-9; Cl, 256-7; OMe, 35-1, C,HOCI,(OMe), requires C, 45-3; H, 3-8; 
Cl, 26-8; OMe, 351%). The oxime separated from aqueous alcohol in pale yellow needles, 
m. p, 202° (Found: C, 43-1; H, 40; N, 6&3. C,H,ONCI,(OMe), requires C, 42-9; H, 3-9; 
N, 50%). 

Clemmensen reduction of this aldehyde (1 g.) furnished 3 : 5-dichloro-2: 4: 6-trimethoxy- 
toluene (O0°8 g.) in needles, m. p. 98°, from aqueous methanol [Found: C, 47-9; H, 5-1; 
OMe, 37-2; Cl, 282. C,H,Cl,(OMe), requires C, 47-8; H, 4-8; OMe, 37-1; Cl, 28-3%). 

2:4: 6-Trimethoxy-3-methylbenzaldehyde,—2 : 4: 6-Trihydroxy-3-methylbenzaldehyde (10 g.) 
with methyl sulphate-potassium carbonate-acetone (60 hr.) furnished 2: 4 : 6-trimethoxy- 
3-methylbensaldehyde, plates (from light petroleum (b. p. 60—-80°)), m. p. 84°, very soluble in 
the usual organic solvents and giving no ferric reaction in alcohol [Found : C, 63-3; H, 6-9; 
OMe, 44:1, C,H,O(OMe), requires C, 62-9; H, 6-7; OMe, 44-3%)]. The ovime separated from 
methanol in prisms, m, p. 160° (Found; N, 6-4. C,,H,,O,N requires N, 58%). 

2: 4-Dimethoxyphenyl 2: 4: 6-Trimethoxyphenyl Ketone.—(a) Thionyl chloride (2-0 g., 
1 mol.) was added gradually during 1 hr, to a suspension of 2: 4: 6-trimethoxyphenylglyoxylic 
acid * (5 g.) in chloroform (25 ml.) at 0°. Next day the chloroform was removed at 20° from the 
clear reaction mixture, and a solution of the residual pale red syrup in nitrobenzene (15 ml.) 
was added to a solution of resorcinol (10 g.) in nitrobenzene (25 ml.) containing aluminium 
chloride (5 g.) at 0°. After 48 hr. the product was isolated in the usual manner and purified 
from aqueous methanol, to furnish 2: 4-dihydroxyphenyl 2: 4: 6-trimethoxyphenyl ketone 
(7 g.) in needles, m. p. 160°, giving an intense red-brown ferric reaction in alcohol (Found : 
C, 63-0; H, 53. CygH,.O, requires C, 63-2; H, 53%). 

Methylation as above (3 hr.) gave 2: 4-dimethoxyphenyl 2: 4: 6-trimethoxyphenyl ketone 
in prisms, m. p, 142°, from methanol [Found: C, 64-8; H, 6-6; OMe, 46-7. C,,H,O(OMe), 
requires C, 65-1; H, 6-0; OMe, 484%). 

(6) Prepared by the interaction of 2: 4-dimethoxybenzoyl chloride and phloroglucinol in 
nitrobenzene in the usual manner during 24 hr. 2; 4-dimethoxyphenyl 2 : 4: 6-trihydroxyphenyl 
hetone separated from aqueous methanol in yellow needles, m. p. 176°, giving an intense red- 
brown ferric reaction in aleohol [Found : C, 62-0; H, 5-2; OMe, 21-7, C,,H,O,(OMe), requires 
C, 62-4; H, 48; OMe, 214%). Methylation furnished the pentamethoxy-ketone identical 
with the product from method (a), 
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616. 3-Aroylcoumarones. 
By W. B. WuHaLLrEy and (in part) G. Lioyp. 


After failure of several methods, application of the rotenonone-rotenononic 
acid change 4* to a selection of chromono(2’ ; 3’-3 : 4)coumarins (XI) gave 
the 3-0-hydroxybenzoylcoumarone-2-carboxylic acids (I[V) which were con- 
verted by way of the ether esters and ether acids into 3-aroylcoumarones 
(XII; R =H), These substances are very sensitive to acid and are degraded 
by alkali to formic acid and the appropriate 2’-hydroxy-2-methoxydeoxy- 
benzoins which undergo spontaneous ring closure to 2-phenylcoumarones 
(VI) during isolation. 

The structure of the rotenononic acids is discussed. 


Tue abnormal and rapid resinification of 2’-methoxyisoflavones (I; R’ = Me) by the usual 
acidic demethylating agents was recently reported,>’ and the hypothesis was advanced 
that rearrangement of 2’-hydroxyisoflavones (1; R’ =< H) by way of intermediates of 


type (II) to the acid-sensitive 2-unsubstituted 3-aroylcoumarones of type (III) may be 
responsible for this. The present paper describes the preparation and properties of a 
number of 3-aroylcoumarones. 


The only known compound of this class appears to be 3-benzoylcoumarone which was 


prepared by Martynoff® from phenylmagnesium bromide and 3-cyanocoumarone. In 
addition, the generally accepted formula for rotenononic acid (IV) (cf., inter al., Smith 
and La Forge *) contains the 3-aroylcoumarone nucleus. 

As Martynoff’s method was not adaptable to the methoxy-derivatives our initial 
attempts were from the isoflavones (I). Preferential demethylation of 7 : 2’-dimethoxyiso- 
flavone (I; R = R’ = Me) with aluminium chloride readily furnished 2’-hydroxy-7- 
methoxy:soflavone (I; R = Me, R’ = H), the orientation of which was established by 
ethylation to 2’-ethoxy-7-methoxyisoflavone (I; K =< Me, R’ = Et) which was also 
synthesised by cyclisation of 2’-ethoxy-2-hydroxy-4-methoxydeoxybenzoin (V; R = Me, 
kK’ = Et, R” = H) with sodium and ethy! formate. Benzylation of the tsoflavone (I; 
R = Me, R’ = H) furnished the ether (I; R = Me, R’ = CH,Ph) which on mild alkaline 
degradation gave 2’-benzyloxy-2-hydroxy-4-methoxydeoxybenzoin (V; RK = Me, R” = H, 
R’ = CH,Ph). Methylation of this formed 2’-benzyloxy-2 : 4-dimethoxydeoxybenzoin 
(V; R = R” = Me, R’ = CH,Ph) which was expected to give 2’-hydroxy-2 : 4-dimethoxy- 
deoxybenzoin (V; R = R” = Me, R’ = H) on debenzylation, and this with sodium and 
ethyl formate should yield the requisite coumarone (XII; R = R” = H, R’ = Me), 
However, catalytic debenzylation furnished a compound which had no hydroxyl group 
and from its method of formation, infrared spectrum, analysis, and general properties 
could only be 2-(2:4-dimethoxyphenyl)coumarone (VI; R =H). Attempts at an 


' Butenandt and McCartney, Annalen, 1932, 404, 17. 

* La Forge, j; Amer. Chem. Soc., 1982, 64, 3377. 

* Whalley, thid., 1953, 75, 1059. 

* Baker, Chadderton, Harborne, and Ollis, J., 1953, 1853. 

* Whalley, J., 1953, 3366. 

* Whalley, Chem. and Ind., 1953, 277. 

’ Baker, Dunstan, Harborne, Ollis, and Winter, ibid., p. 277. 
* Martynoff, Bull. Soc. chim. France, 1952, 1066. 

* Smith and La Forge, J. Amer. Chem. Soc., 1930, 62, 1091. 
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alternative synthesis of this failed since efforts to produce 2 ; 4-dimethoxybenzyl alcohol 
and bromide gave only polymers: the claim by Jacobs and Heidelberger }® to have 
synthesised 2 : 4-dimethoxybenzyl alcohol must therefore be accepted with reserve. 
Similarly 5:7: 2’-trimethoxyisoflavone (VII; KR =< R’ = Me) was partially de- 
methylated with aluminium chloride to 5: 2’-dihydroxy-7-methoxyisoflavone (VII; 
K == R’ = H) (ef. Baker et al.4), This was benzylated, methylated, and then debenzy!- 
ated, to furnish 2’-hydroxy-5 : 7-dimethoxyisoflavone (VII; RK = Me, R’ =H). The 
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orientation of this isoflavone and hence of the cognate derivatives was established by 
ethylation to 2’-ethoxy-5 ; 7-dimethoxyisoflavone (VII; R =< Me, R’ = Et), which was 
also prepared by standard methods from 2’-ethoxy-2-hydroxy-4 : 6-dimethoxydeoxy- 
benzoin (VIIL; R = Et, R’ =H), Alkali-degradation of 2’-benzyloxy-5 ; 7-dimethoxy- 
isoflavone (VII; RK = Me, R’ = CH,Ph) gave 2’-benzyloxy-2-hydroxy-4 : 6-dimethoxy- 
deoxybenzoin (VIII; R = CH,Ph, R’ =H) which was methylated to 2’-benzyloxy- 
2:4: 6-trimethoxydeoxybenzoin (VIII; R =CH,Ph, R’ = Me), Debenzylation of 
this deoxybenzoin furnished 2-(2: 4: 6-trimethoxyphenyl)coumarone (VI; R = OMe) 
instead of the expected 2’-hydroxy-2 : 4: 6-trimethoxydeoxybenzoin (VIII1; R =H, 
R’ Me). 

The ready cyclisation of these two 2’-hydroxydeoxybenzoins to 2-phenylcoumarones 
is in marked contrast to the behaviour of 2: 2’-dihydroxy-4: 6-dimethoxy- (VILL; 
Kt = R’ =~ H) and 2: 2’-dihydroxy-4-methoxy-deoxybenzoin (V; R = Me, R’ = R” = H) 
which sublime unc hange -d and are as stable as the analogous derritol, which must be distilled 
in the presence of a dehydrating agent to give anhydroderritol," '* formulated as 2-phenyl- 
coumarone (cf. VI). The present work supports this formulation. 

After these failures we investigated the condensation of ethyl bromoacetate with 
deoxybenzoins (V; R” «= H), to give the phenoxyacetates (cf. XIII; R = Et). However, 
of the several deoxybenzoins examined only 2-hydroxy-4 : 6: 2’: 3’- and -4: 2’: 4’: 6’ 
tetramethoxydeoxybcnzoin furnished the expected esters, which were converted success- 
ively by standard procedures into the acids of type (XIII; R = H) and the 3-benzyl- 
coumarones of type (XIV). Attempts to oxidise the methylene group to carbonyl by 
selenium dioxide or chromium trioxide were unsuccessful, and the usual reagents failed to 
cyclise the phenoxy-esters to the esters or acids of type (XV; RK = Et or H). These 
anomalous reactions of deoxybenzoins are almost certainly due to the tendency of these 
substances to react, if not actually to exist, in the enolic form (cf. Badcock, Cavill, 


Jacobs and Heidelberger, ], Biol. Chem., 1915, 20, 678. 
't Smith and La Forge, /. Amer. Chem. Soc., 1982, 54, 2097. 
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Robertson, and Whalley and Robertson and Whalley “). The 2: 4-dihydroxy- 
2’: 4’ : 6'-trimethoxydeoxybenzoin required for this investigation was prepared by Hoesch 
condensation of resorcinol and 2 : 4 : 6-trimethoxybenzy! cyanide since attempts to prepare 
2: 4: 6-trimethoxyphenylacetyl chloride by the method of Freudenberg and Harder 
and by other methods furnished an anomalous product, the nature of which will be reported 
later. 

The only product isolable from the interaction of ethyl bromoacetate and 2-hydroxy- 
4:6: 3’: 4’-tetramethoxydeoxybenzoin was a small quantity of, probably, 3-(3: 4- 
dimethoxybenzy])-4 : 6-dimethoxycoumarone. 2-Hydroxy-4: 4'-dimethoxydeoxybenzoin 
with ethyl bromoacetate furnished only an intractable product, and 2-hydroxy- 
4:6: 4'-trimethoxydeoxybenzoin gave a low yield of a lactone, devoid of a ferric reaction, 
and probably having formula (1X). 

This approach was consequently also abandoned and attention diverted to the possibility 
of using the rotenonone-rotenononic acid change ':* for the conversion of chromono(2’ : 3’- 
3: 4)coumarins (XJ), recently made readily available by Baker et al.,'® into analogues of 
rotenononic acid (IV). Ethoxalyl chloride and 2-hydroxy-4 : 2’-dimethoxydeoxybenzoin 
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(V; R = R’ = Me, R” = H) furnished a low yield of 2-ethoxycarbonyl-7 : 2’-dimethoxy- 
isoflavone which was simultaneously partially demethylated and cyclised, to yield 
7-methoxychromono(2’ : 3’-3: 4)coumarin (XI; RK” =< Me, R= R’ =H), The action 
of dilute alkali upon this compound gave 3-(2-hydroxy-4-methoxybenzoy!)coumarone- 
2-carboxylic acid (XII; R = CO,H, R’ = R” = H) and thence its methyl ester which 
was degraded by alkali to 2-(2 : 4-dimethoxyphenyl)coumarone (VI; R = H). 

The readily preparable 5’ : 7’-dihydroxychromono(2’ ; 3’-3 : 4)coumarin (XI; R = R” 
= H, R’ = OH) '* was methylated, converted into the acid (XII; R = CO,H, R’ = H, 


™ Badcock, Cavill, Robertson, and Whalley, /., 1950, 2061 
Robertson and Whalley, /., 1954, 1440. 
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K’’ = OMe), and decarboxylated to yield 3-(2: 4: 6-trimethoxybenzoy])coumarone 
(X11; K == H, R’ = Me, R” = OMe). 

Similarly, 7- and 6-methoxy-3-(2 : 4 : 6-trimethoxybenzoyl)coumarone were prepared 
from 5°: 7': 8 (XI; R” «= Me, R’ = R” = OMe) and 5’: 7’ ; 7-trimethoxychromono- 
(2’ : 3'-3 : 4)cowmarin respectively. 

The behaviour towards acid and alkali previously adumbrated * for these 3-benzoyl- 
coumarones has been fully substantiated by an examination of 3-(2 : 4: 6-trimethoxy- 
benzoyl)coumarone (XII; RK =H, R’ = Me, R” = OMe) and the 7-methoxy-analogue. 
Both substances are very sensitive to mineral acids {as are the 2-phenylcoumarones (V1)| 
and are readily degraded by alkali to formic acid and the appropriate 2’-hydroxy-2- 
methoxydeoxybenzoins (ef. VIII; RK = H, R’ == Me) which on liberation from the alkaline 
hydrolysate are spontaneously dehydrated to the 2-phenylcoumarones of type (V1). 

Demethylation of 3-(2 : 4: 6-trimethoxybenzoyl)coumarone (XIL; R =H, R’ = Me, 
R’’ -« OMe) under very mild conditions with hydriodic acid furnished 5 : 2’-dihydroxy-7- 
methoxytsoflavone (VII; RK = R’ =< H) as the only isolable product, whilst aluminium 
chloride in nitrobenzene gave rise to a small yield of the coumarone (XII; R = R’ = H, 
Rt’ «« OMe) and much of the isoflavone (VII; R = Me, R’ =H). Similarly decarb- 
oxylation of the coumarone acid (XII; R = CO,H, R’ =H, R” = OMe) in boiling 
quinoline furnished only a low yield coumarone (XII; R # R’ = H; R” = OMe) and 
much of the isoflavone (VIL; R == Me, R’ =H). The reason for the production of the 
isoflavone in these reactions became clear when it was found that the conversion of 3-o- 
hydroxyaroylcoumarones into isoflavones is acid—base-catalysed, 

In attempts to effect the thermal decarboxylation of the three carboxylic acids (XII; 
R = CO,H, R’ = H), an almost quantitative conversion to the chromono(2’ : 3’-3 : 4)- 
coumarins (XI) occurred. Whilst rotenononic acid is converted into rotenonone by 
alkali,’? acid does not effect this change.'’ There is no report of the effect of heat upon 
rotenononic acid, 

The hydroxyl group in rotenononic acid (IV) is methylated rather more readily than 
might be expected *!7 @ priori. We have observed the same thing for the acid (XII; 
R = COH, R’ = H, R” = OMe). 

Whilst the acidic transformation products of the chromono(2’ : 3’-3 : 4)coumarins 
(XI) may be represented as derivatives of 3-aroylcoumarone (cf. XII; R = CO,H) or 
of 2-arylcoumarore (ef. X), the general properties of these transformation products and 
of their cognate derivatives [inter al., the intense ferric reaction of the decarboxylated 
compounds (XII; Re R’ = H, R” = OMe), the ease of production of isoflavones, and 
the formation of 2-phenylcoumarones by way of an alkali-soluble intermediate from the 
decarboxylated acids}, clearly substantiate the latter formulation. 

The synthesis ** of arbutic acid (XVI), which is produced together with tubaic acid 
by hydrogen peroxide oxidation of rotenononic acid, establishes the structure of rotenononic 
acid as ([V) or of type (X), but does not differentiate between these alternatives. 
However, the properties of rotenononic acid in conjunction with those of the analogues 
described in this paper supports the now generally accepted formula of type (IV) for 
these substances (cf. Holton, Parker, and Robertson "), 
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During the exploration of other possible routes to 3-aroylcoumarones a number of 
benzils of type (XVII) were converted into the phenoxy-esters and -acids of type (XVIII) 
by standard methods. The cyclisation of these acids, which could theoretically give 
either 3-aroylcoumarones (XII; R = H) or isoflavones (cf. 1), produced only the latter. 


1” Takei, Miyajima, and Ono, Ber., 1932, 65, 1048. 
* Holton, Parker, and Robertson, J., 1949, 2049. 
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EXPERIMENTAL 


Ferric chloride colours refer to reaction in ethanol. 

2’-Hydroxy-7-methoxyisoflavone (1; R = Me, R’ = H).—A solution of aluminium chloride 
(2 g.) in nitrobenzene (10 ml.) was added to 7 : 2’-dimethoxyisoflavone (1 g.) in nitrobenzene 
(10 ml.), and after 1 hr. on the steam-bath the mixture was decomposed by ice and excess of 
hydrochloric acid. The product, in ether (100 ml.), was washed with 2n-hydrochloric acid 
(2 x 20 ml), water (50 ml), and 2n-sodium hydroxide (2 x 20 ml.). Acidification of the 
alkaline extract furnished a crystalline precipitate which was purified from methanol, to give 
2’-hydroxy-7T-methoxyisoflavone in prisms (0-7 g.), m. p. 140°, devoid of a ferric reaction (Found : 
C, 71-4; H, 45; OMe, 11-5, C,,H,O,OMe requires C, 71-6; H, 4:5; OMe, 116%), Methyl- 
ation of this isoflavone by methyl sulphate-acetone—potassium carbonate furnished a 
quantitative yield of 7: 2’-dimethoxyisoflavone, whilst ethylation by the same process gave 
2’-ethoxy-7-methoxyisoflavone in needles, m. p. 121°, from aqueous methanol (Found; C, 72-6; 
H, 5-3. C,,H,,O, requires C, 73-0; H, 54%). Hydrolysis of the last isoflavone (0-5 g.) with 
potassium hydroxide (2 g.) in boiling water (10 ml.) and alcohol (10 ml.), during 1} hr., gave 
2’-ethoxy-2-hydroxy-4-methoxybenzoin, prisms (0-4 g.), m. p. 94°, from methanol (Found: C, 71-2; 
H, 6-6. C,,H,,O, requires C, 71-3; H, 6-3%). This ketone gives an intense red-brown ferric 
reaction and is most readily purified by sublimation at 150°/0-01 mm. Condensation of 
resorcinol (8 g.) with o-ethoxybenzyl cyanide (5 g.) during 48 hr. by Hoesch’s method gave 
2’-ethoxy-2 ; 4-dihydroxydeoxybenzoin, prisms (from benzene) (1:2 g.), m. p. 148° (Found: 
C, 70-7; H, 63. CygH,,O, requires C, 70-6; H, 5-9%), converted quantitatively by methyl 
sulphate-acetone—potassium carbonate into 2’-ethoxy-2-hydroxy-4-methoxydeoxybenzoin, 
identical with the previous specimen, and thence into 2’-ethoxy-2 : 4-dimethoxydeoxybenzoin, 
plates (from methanol), m. p. 89° (Found: C, 70-9; H, 65. C,,H,,O, requires C, 72-0; 
H, 6-7%). 

2-Ethoxy-4 : 2'-dimethoxydeoxybenzoin, prepared quantitatively by ethylation of 2-hydroxy- 
4; 2’-dimethoxydeoxybenzoin, separated from aqueous methanol in prisms, m. p, 103° (Found : 
C, 71-7; H, 7-0. CygH, O, requires C, 72-0; H, 6-7%). 

7: 2’-Dihydroxyisoflavone (1; R = R’ = H).—-When a solution of 7; 2’-dimethoxyiso- 
flavone (2 g.) in benzene (25 g.) containing aluminium chloride (2 g.) was heated on the steam- 
bath for 2 hr., and then decomposed by the addition of ice and hydrochloric acid, crystals 
separated. Purification from aqueous methanol gave 7 : 2’-dihydroxyisoflavone, prisms (1-6 g.), 
m. p. 212°, devoid of a ferric reaction and converted quantitatively into 7 : 2’-dimethoxyiso- 
flavone during 2 hr. by methyl sulphate-acetone—potassium carbonate (Found: C, 70-7; 
H, 4:3. CysH gO, requires C, 70-9; H, 40%). 

2: 2’-Dihydroxy-4-methoxydeoxybenzoin (V; KR = Me, R‘’ = R” « H).—-A_ solution of 
2’-hydroxy-7-methoxyisoflavone (2 g.) in water (40 ml.) and potassium hydroxide (4 g.) was 
heated under reflux for 1 hr., and the solution acidified. The precipitate, crystallised from 
aqueous methanol, gave 2 : 2’-dihydroxy-4-methoxydeoxybenzoin as prisms (1-6 g.), m. p. 119°, 
exhibiting an intense red-brown ferric reaction (Found: C, 69-4; H, 5&7; OMe, 12-3. 
C,4H,,OyOMe requires C, 69-8; H, 55; OMe, 120%). Methylation of this by methyl 
sulphate-acetone—potassium carbonate gave a quantitative yield of 2: 4: 2’-trimethoxydeoxy- 
benzoin, prisms (from aqueous alcohol), m. p, 81°, devoid of a ferric reaction in this solvent and 
identical with the product prepared by the methylation of 2-hydroxy-4 : 2’-dimethoxydeoxy- 
benzoin [Found: C, 71-0; H, 6-7; OMe, 32-6. C,,H,O(OMe), requires C, 71:3; H, 63; 
OMe, 32-56%}. 

Cyclisation of 2: 2’-dihydroxy-4-methoxydeoxybenzoin (1 g.) with sodium dust (2 g.) and 
ethyl formate (40 ml.) in the usual way gave only 2’-hydroxy-7-methoxyisoflavone (0-6 g.). 

2-(2 : 4-Dimethoxyphenyl)coumarone (V1; R = H).—-Interaction of 2’-hydroxy-7-methoxyiso- 
flavone (5 g.), benzyl bromide (3-6 g., 1 mol.), and potassium carbonate (30 g.) in boiling acetone 
(200 ml.) during 2 hr. gave 2’-bensyloxy-7-methoxyisoflavone, which separated from much 
methanol in needles (4-0 g.), m. p. 161° (Found: C, 76-7; H, 49; OMe, 8-7. CyH,,0,(OMe) 
requires C, 77-0; H, 5-0; OMe, 87%), of which 0-2 g. was debenzylated with acetic acid 
(5 ml.) and concentrated hydrochloric acid (2 ml.) on the steam-bath during 30 min. to 
2’-hydroxy-7-methoxyisoflavone (0-1 g.). 

A solution of 2’-benzyloxy-7-methoxyisoflavone (2 g.) in methanol (30 ml.) and water 
(10 ml.) containing potassium hydroxide (6 g.) was refluxed during 1} hr., acidified (Congo-red), 
and neutralised with 2n-sodium hydrogen carbonate, and the crystalline precipitate was purified 
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from methanol, to give 2’-benzyloxy-2-hydroxy-4-methoxydeoxybenzoin, prisms (0-8 g.), m. p. 
114°, giving an intense red-brown ferric reaction (Found: C, 75-4; H, 5-7. C,H gO, requires 
C, 759; H, 68%). Methylation of this ketone (3 g.) by methyl! sulphate-acetone-potassium 
carbonate gave 2’-benzyloxy-2 : 4-dimethoxydeoxybenzoin, prisms (from methanol) (3 g.), m. p. 
106°, devoid of a ferric reaction (Found: C, 75-7; H, 62; OMe, 17-4. C,,H,0,(OMe), 
requires C, 76-2; H, 61; OMe, 17-1%]}. 

Debenzylation of the latter deoxybenzoin (1-5 g.) in acetic acid (50 ml.) containing a catalyst 
prepared from charcoal (0-7 g.) and palladium chloride (30 ml. of 1%, solution) occurred during 
45 min. After removal of the solvent under reduced pressure a solution of the residue in ether 
(100 ml.) was washed with 2n-sodium hydroxide (20 ml.), dried, and evaporated, yielding 
2-(2 : 4-dimethoxyphenyl)coumarone in prisms (0-8 g.), m. p. 53° (from methanol) [Found : 
C, 76-7; H, &7; OMe, 248%; M, 258. C,,Hs,O(OMe), requires C, 75-6; H, 5-5; OMe, 
244%; M, 264). Addition of the acetic acid solution after completion of hydrogenolysis to 
excess of sodium hydrogen carbonate solution, followed by ether-extraction, furnished the same 
product. Hydrogenolysis did not proceed in methanol. 

2’ Bensyloxy-5 : T-dimethoxyisoflavone (VIL; R = Me, R’ «= CH,Ph).—A solution of alu- 
minium chloride (4 g.) and 5:7: 2’-trimethoxyisoflavone (2 g.) in nitrobenzene (20 ml.) was 
heated on the steam-bath for 14 hr., then decomposed with ice and hydrochloric acid, and the 
product taken up in ether (1560 ml.), The ethereal extract was washed with 2n-hydrochloric 
acid (2 » 60 ml.), water (50 ml.), and 2n-sodium hydroxide (2 x 26 ml.), evaporated, and 
steam-distilled, to yield a residue of 5’-hydroxy-7 : 2’-dimethoxyisoflavone ” (1 g.). The 
crystalline precipitate obtained by acidification of the alkaline washings was purified from 
methanol, giving 5: 2’-dihydroxy-7-methoxyisoflavone (0-8 g.) in needles, m. p. 175°. Baker 
et al,” record m, p, 176--177°, 

This isoflavone (4-5 g.) with benzyl bromide (3-0 g., 1 mol.) and potassium carbonate (10 g.) 
in boiling acetone (100 ml.) during 4 hr. gave 2’-benzyloxy-5-hydvoxy-7-methoxyisoflavone which 
separated from methanol in needles (4-0 g.), m. p, 117°, exhibiting an intense violet ferric reaction 
(Found: C, 78-5; H, 46; OMe, 7-6. Cy,H,,O~OMe requires C, 73-8; H, 4-8; OMe, 83%). 
This isoflavone (5 g.) with methyl sulphate-acetone-potassium carbonate furnished 2’-benzyloxy- 
5 : 7-dimethoxyisoflavone, prisms (5 g.) (from ethyl acetate), m. p. 171°, devoid of a ferric reaction 
{Found : C, 73-8; H, 6&3; OMe, 15-7, Cy,H,,O,(OMe), requires C, 74-2; H, 5-3; OMe, 16-0%). 

Debenzylation of this isoflavone (1 g.) in acetic acid (10 ml.) containing hydrochloric acid 
(5 ml.) on the steam-bath during 30 min. gave 2’-hydroxy-5 : 7-dimethoxyisoflavone which 
separated from aqueous methanol in needles (0-5 g.), m. p. 192°, readily soluble in 2n-sodium 
hydroxide and devoid of a ferric reaction [Found ; C, 68-5; H, 5-1; OMe, 19-8. C,,H,O,(OMe), 
requires C, 68-5; H, 47; OMe, 20-56%). 

2'-Ethoxy-5 : 7-dimethoxyisoflavone (VI1; K = Me, R’ = Et),.—(a) 2’-Hydroxy-5 : 7-di- 
methoxytsoflavone (1 g.), ethyl iodide, acetone, and potassium carbonate gave 2’-ethoxy-5 : 7- 
dimethoxyisoflavone, prisms (from ethyl acetate) (1 g.), m. p. 163° (Found: C, 69-8; H, 5-8. 
CygH gO, requires C, 70-0; H, 56%). 

(b) Prepared by the Hoesch method from phloroglucinol (7 g.) and o-ethoxybenzyl cyanide 
during 24 hr., crude 2’-ethoxy-2 : 4: 6-trihydroxydeoxybenzoin (4 g.) was not readily purified 
and was methylated directly to 2’-ethoxy-2-hydvroxy-4 ; 6-dimethoxydeoxybenzoin which separated 
from methanol in prisms (2 g.), m. p. 110°, giving an intense violet ferric reaction (Found : 
C, 68-4; H, 64. CygHyO, requires C, 68-4; H, 63%). Cyclisation of this ketone (1-5 g.) 
with sodium powder (2 g.) and ethyl formate (26 ml.) during 24 hr. at 0° gave 2-hydroxy-2’- 
ethoxy- : 1-dimethoxyisoflavanone, needles (from methanol) (1 g.), m. p. 184° (decomp.), devoid 
of a ferric reaction (Found: C, 66-3; H, 6-1. C gH yO, requires C, 66-3; H, 59%). When 
boiled with acetic acid for 15 min, this was converted quantitatively into 2’-ethoxy-5 : 7- 
dimethoxytsoflavone, identical with the product prepared by method (a). 

2-(2: 4: 6-Trimethoxyphenyl)coumarone (VI; R = OMe).—A solution of 2’-benzyloxy-5 : 7- 
dimethoxyisoflavone (2-5 g.) in methanol (30 ml.) and water (10 ml.) containing potassium 
hydroxide (6 g.) was refluxed during 14 hr., cooled, and acidified (Congo-red), and the precipitate 
purified from methanol to furnish 2’-benzyloxy-2-hydroxy-4 : 6-dimethoxydeoxybenzoin, prisms 
(2-2 ¢.), m. p. 117°, giving an intense violet ferric reaction [Found : C, 72-1; H, 6-3; OMe, 16-5. 
Cy, Hy ,O,(OMe), requires C, 73-0; H, 568; OMe, 164%]. This (5 g.) during 20 hr. with methyl 
sulphate-acetone-potassium carbonate gave 2’-bensyloxy-2 : 4: 6-trimethoxydeoxybenzoin as a 
colourless liquid (5 g.) [Found : OMe, 24-0. C,,H,,0,(OMe), requires OMe, 23-7%)]. Hydro- 
genolysis of this ketone (1:5 g.) in acetic acid (150 ml.) containing a catalyst prepared from 
charcoal (0-5 g.) and palladium chloride (40 ml. of 1% solution) was complete in 2 hr., and, 
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after evaporation of the solvent, 2-(2 : 4: 6-trimethoxypheny!)coumarone separated from methanol 
in prisms (1 g.), m. p. 105°, insoluble in cold 2n-sodium hydroxide and devoid of a ferric reaction 
(Found: C, 72-0; H, 61; OMe, 32-09%; M, 277. C,,H,O(OMe), requires C, 71-6; H, 5-7; 
OMe, 32-8%; M, 284]. This hydrogenolysis did not proceed in methanol or ethanol, 

4: 6-Dimethoxy-3-(2 : 3-dimethoxybenzyl)coumarone (XIV).—Interaction of 2-hydroxy- 
4:6: 2’: 3’-tetramethoxydeoxybenzoin ® (5 g.) and excess of ethyl bromoacetate (added as 
required) in boiling acetone (125 ml.) containing potassium carbonate (10 g.) until a test portion 
had no ferric reaction in alcohol required 40 hr. After isolation in the usual manner, purification 
of the semicrystalline product from alcohol-light petroleum (b. p. 60-—-80°) gave 2-ethoxy- 
carbonylmethoxy-4 : 6; 2’ ; 3’-tetramethoxydeoxybenzoin in needles (3 g.), m. p. 111°, devoid of 
a ferric reaction (Found: C, 62-6; H, 63. C,,H,,O, requires C, 63-2; H, 63%). Addition 
of 20% aqueous alcoholic potassium hydroxide (50 ml.) to the mother-liquors from this 
crystallisation followed 20 min. later by dilution with water (50 ml.) gave a sticky solid which, 
purified from acetone, gave 3-(2 : 3-dimethoxybenzyl)-4 : 6-dimethoxycoumarone in prisms (1 g.), 
m. p. 116°, devoid of a ferric reaction and insoluble in 2n-sodium hydroxide [Found : C, 69-3; 
H, 6:1; OMe, 37-7%; M, 291. C,sH,O(OMe), requires C, 69-5; H, 61; OMe, 37-8; M, 
328). 

Hydrolysis of 2-ethoxycarbonylmethoxy-4 : 6: 2’: 3’-tetramethoxydeoxybenzoin with an 
excess of cold 20% alcoholic pe‘ wsium hydroxide during 20 min. gave quantitatively the acid, 
which separated from aqueous 2 stone in needles, m. p. 170°, devoid of a ferric reaction [Found : 
C, 61-5; H, 5-6; OMe, 31-9, C,gH,O,(OMe), requires C, 61-5; H, 56; OMe, 31-68%). A 
mixture of this acid (2 g.), sodium acetate (5 g.), and acetic anhydride (20 ml.) was refluxed for 
2} hr., then poured into water (100 ml.), and 24 hr, later the crystalline precipitate was purified 
from methanol, to give 3-(2 : 3-dimethoxybenzy])-4 : 6-dimethoxycoumarone in prisms (1 ¢.), 
m. p. 115°, giving a deep green solution in sulphuric acid on the steam-bath [Found : C, 69-7; 
H, 6-1; OMe, 37-9. Cale. for C,,;H,O(OMe),: C, 69-5; H, 61; OMe, 87-8%], identical with 
the previous specimen. 

3-(3 : 4-Dimethoxybenzyl)-4 : 6-dimethoxycoumarone,—-Interaction of 2-hydroxy-4: 6: 3’: 4’- 
tetramethoxydeoxybenzoin (5 g.) with ethyl bromoacetate as above (ca. 100 hr.) gave a semi- 
solid product which, purified from acetone, was 3-(3: 4-dimethorybenzyl)-4 : 6-dimethoxy- 
coumarone (1 g.), tablets, m. p. 118° [Found: C, 69-8; H, 6-2; OMe, 37-8. C©,,H,O(OMe), 
requires C, 69-5; H, 6-1; OMe, 37-8%]). 

2:3: 4: 5-Tetrahydro-6 : 8-dimethoxry-4-p-methoxyphenyl-2 : 5-dioxobens{bloxepin (IX) from 
Ethyl Bromoacetate and 2-Hydroxy-4 : 6: 4'-trimethoxydeoxybenzoin.—This deoxybenzoin (10 g.) 
with excess of ethyl bromoacetate during 100 hr. in the usual way furnished an oil which on 
solution in acetone gradually deposited crystals, which separated from acetone (sparingly 
soluble) in needles (1 g.) of the lactone, m. p, 227° (decomp.} (Found: C, 66-4; 5:1; OMe, 27-2%, ; 
M, 341. C,,H,O,(OMe), requires C, 66-7; H, 5-3; OMe, 271%; M, 342}. This compound 
gives a negative ferric reaction and is insoluble in cold 2N-sodium hydroxide, but dissolves 
readily in the presence of a little alcohol to form a clear solution from which it is precipitated 
unchanged on acidification but not by dilution with water. 

2:4: 6-Trimethoxybenzyl Cyanide.Hydrolysis during 8 hr. of the azlactone™ (50 g.) of 
2:4: 6-trimethoxybenzaldehyde with boiling 10% aqueous sodium hydroxide (500 ml.) furnished 
2:4: 6-trimethoxyphenylpyruvic acid (35 g.) which separated from benzene in pale yellow 
leaflets, m. p. 112°, giving a green ferric reaction (Found; C, 56-4; H, 6-8. C,,H,O, requires 
C, 66-7; H, 55%). The oxime (10 g.) prepared from this acid (10 g.) in the usual way formed 
needles, m. p. 177° (decomp.), from aqueous acetic acid (Found: C, 63-8; H, 58; N, 5&4, 
CygH,,0,N requires C, 53-5; H, 6-6; N, 52%). Dehydration of this oxime (8 g.) with warm 
acetic anhydride furnished the cyanide (4-5 g.), which separated from methanol in yellow tablets, 
m. p. 117° (Found: C, 63-5; H, 63; N, 69. C,,H,,0,N requires C, 638; H, 63; N, 
6-8%,). 

6-Methoxy-3-(2 : 4: 6-trimethoxybenzyl)coumarone.-A_ solution of resorcinol (6 g.) and 
2:4: 6-trimethoxybenzy] cyanide (3-5 g.) in ether (300 ml.) containing zinc chloride (3 g.) was 
saturated with hydrogen chloride at 0°, After 48 hr. the product was purified from aqueous 
methanol, to give 2: 4-dihydrowy-2’ : 4’ : 6’-trimethoxydeoxybenzoin (2 g.) in prisms, m. p, 
198° (Found; C, 64-0; H, 5-9. Cy,H,sO, requires C, 64-2; H, 5-7%). 

This ketone (2 g.) with methyl iodide~potassium carbonate in boiling acetone during 20 
min. gave 2-hydroxy-4: 2’: 4’ ; 6’-tetramethoxydeoxybenzoin (2 g.) in prisms, m. p. 156° (from 
methanol) (Found: C, 649; H, 69; OMe, 36-9. C,,H,O,(OMe), requires C, 65-1; H, 61; 
OMe, 37-3%], giving an intense red-brown ferric reaction, 
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Cyclisation of this ketone (1 g.) by sodium-ethyl formate furnished 2-hydroxy-7 : 2’: 4’ ; 6’- 
tetramethoxyisoflavanone (1 g.), prisms (from methanol), m. p. 196—-197° (decomp.), giving a 
negative ferric reaction (Found; C, 63-3; H, 6-4. C,,H,,O, requires C, 63-3; H, 5-6%). 

When heated above the m. p. or boiled with acetic acid for 10 min. the foregoing isoflavanone 
furnished quantitatively 7: 2’: 4’ : 6’-tetramethoxyisoflavone, which separated from methanol 
in prisms, m. p. 223°, giving a negative ferric reaction (Found: C, 66-3; H, 5-2. CyH,,O, 
requires C, 66-7; H, 63%). 

Interaction of excess of ethyl bromoacetate and 2-hydroxy-4: 2’: 4 : 6’-tetramethoxy- 
deoxybenzoin (4-6 g.) in boiling acetone (100 ml.) containing potassium carbonate (15 g.) during 
& hr. gave 2-ethoxycarbonylmethoxy-4 : 2’: 4’ ; 6’-tetramethoxydeoxybenzoin (4:5 g.), prisms (from 
ethanol), m. p. 125°, not giving a ferric reaction (Found: C, 63-4; H, 63; CggHg,O, requires 
C, 63-2; H, 63%). 

Hydrolysis of this ester (10 g.) with 20% methanolic potassium hydroxide (100 ml.) for 30 
min. gave 2-carboxymethoxy-4 : 2’: 4’ ; 6’-tetramethoxydeoxybenzoin, prisms (100%), m. p. 158° 
(from benzene-acetone) [Found: C, 62-3; H, 60; OMe, 30-4. C,,H,O,OMe), requires 
C, 61-6; H, 66; OMe, 318%). 

Cyclisation of this ketone (3-6 g.) in boiling acetic anhydride (25 ml.) containing sodium 
acetate (10 g.) during 3 hr, gave 6-methoxy-3-(2 : 4: 6-tetramethoxybenzyl)coumarone (2-5 g.), 
which separated from methanol in needles, m, p. 96° (Found: C, 69-1; H, 62; OMe, 37-4. 
C,H O(OMe), requires C, 69-5; H, 6-1; OMe, 37-86%}. 

2: 3-Dihydro-6-methoxy-3-(2 : 4: 6-trimethoxybenzyl)coumarone,—-A solution of the previous 
coumarone (1 g.) in methanol (100 ml.) containing palladium—charcoal [from palladium chloride 
(0-25 g.) and charcoal (0-6 g.)) was shaken in hydrogen during 35 min, (uptake, 75 ml., 
1 mol.), 2: 3-Dihydro-6-methoxy-3-(2 : 4: 6-trimethoxybensyl)coumarone, isolated by distillation 
as an oil, b. p. 150°/001 mm., crystallised from aqueous methanol in needles (0-7 g.), m. p. 
58°, insoluble in 2n-sodium hydroxide and devoid of a ferric reaction (Found: C, 69-3; H, 7-2. 
C ygH gy, requires C, 60-1; H, 67%). 

7'-Methoxychromono(2’ : 3’-3: 4)coumarin (XI; R = R’ « H, R” « Me).—(a) Cyclisation 
of 2-hydroxy-4 : 2’-dimethoxydeoxybenzoin * (10 g.) with ethoxalyl chloride according to the 
method of Baker ef al.,4 furnished a brown viscous oil which, purified from benzene and then 
ethanol, gave 2-ethoxycarbonyl-2-hydroxy-7 ; 2’-dimethoxyisoflavanone, tablets (1-2-5 g.), 
m, p. 124°, devoid of a ferric reaction (Found: C, 64-2; H, 5-3. C,H, O, requires C, 64-5; 
H, 56-4%). When boiled in acetic acid solution during 10 min, this was converted quantitatively 
into 2-ethoxycarbonyl-7 : 2’-dimethoxyisoflavone, needles (from methanol), m. p. 94° (Found ; 
C, 67-7; H, 55. Cys, sO, requires C, 67-8; H, 51%). 

This ester (2 g.) was refluxed in acetic acid (20 ml.) and hydriodic acid (10 ml.; d@ 1-7) for 
30 min., then diluted with water (50 ml,), and the precipitate purified from methanol to give 
7’-methoxychromono(2’ ; 3’-3 ; 4)coumarin, needles (1-5 g.), m. p. 248° (from ethyl acetate) 
(Found: C, 69-2; H, 3-3; OMe, 10-4, Cale, forC,,H,OvOMe : C, 69-4; H, 3-4; OMe, 10-5%). 
This substance is insoluble in cold 2n-sodium hydroxide, devoid of a ferric reaction and very 
sparingly soluble in methanol and alcohol. Seshadri and Veradarajan ” record m. p. 240-—-242° 
for a specimen prepared by an alternative method. 

(b) The crude product from the reaction of 2: 4-dihydroxy-2’-methoxydeoxybenzoin (5 g.) 
and ethoxalyl chloride (8 ml.) in pyridine (60 ml,) was refluxed with hydriodic acid (20 ml. ; 
d 1-7) and acetic acid (25 ml.) during 1 hr. Purification from methanol (sparingly soluble) of 
the product which separated on cooling furnished 7’-hydroxychromono(2’ : 3’-3 : 4)coumarin 
(1 g.) in pale buff needles, m. p. >300°, giving no ferric reaction (Found; C, 68-2; H, 3-2. 
CygH,O>, requires C, 68-6; H, 29%). With methyl sulphate-potassium carbonate-acetone 
this gave quantitatively 7’-methoxychromono(2’ : 3’-3 : 4)coumarin identical with the product 
from method (a). 

3-(2- Hydroxy -4~- methoxybenzoyl)coumarone-2-carboxylic Acid (XII; R = CO,H, 
Rh’ = R” « H).—A solution of the previous coumarin (0-5 g.) in 5% aqueous-alcoholic 
potassium hydroxide (26 ml.) was heated on the steam-bath during 14 hr., diluted with water 
(60 mi.), acidified, and 24 hr. later extracted with ether (2 x 50 ml.), and the extract washed 
with 2n-sodium hydrogen carbonate (2 x 25 ml.). Acidification of this alkaline extract gave 
a crystalline precipitate which from benzene gave 3-(2-hydroxy-4-methoxybenzoyl)coumarone-2- 
carboxylic acid, prisms (0-2 g.), m. p. 212°, exhibiting an intense red-brown ferric reaction 
(Found: C, 65-6; H, 40; OMe, 9-7. C,,H,O,°OMe requires C, 65-8; H, 3-8; OMe, 10-0%). 


* Seshadri and Veradarajan, Proc. Indian Acad, Sci,, 1953, 37, A, 793. 
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When heated to ca, 250° this acid was converted almost quantitatively into 7’-methoxychromono- 
(2’ : 3’-3 : 4)coumarin, 

This acid (0-1 g.) with methyl sulphate-acetone-potassium carbonate (3 hr.) gave methyl 
3-(2 : 4-dimethoxybenzoyl)coumarone-2-carboxylate in very pale yellow prisms (0-1 g.), m. p. 
146° (from methanol), devoid of a ferric reaction (Found : C, 67-2; H, 52. Cyyhl,gO, requires 
C, 67-1; H, 47%). 

When a solution of this ester (50 mg.) in methanol (5 ml.) and water (3 ml.) containing 
potassium hydroxide (0-5 g.) was refluxed for 1 hr., and the product isolated with ether from 
the acidified solution, 2-(2: 4-dimethoxyphenyl)coumarone was obtained as prisms (from 
methanol) (30 mg.), m. p. 53°, identical with the previous specimen, 

3-(2-Hydroxy-4 : 6-dimethoxybenzoy!)coumarone-2-carboxylic Acid (XII; R = CO,H, 
R’ = H, R” = OMe),—®6’ : 7’-Dihydroxychromono(2’ : 3’-3: 4)coumarin™ (5 g.) suspended 
in boiling acetone (250 ml.) containing methyl sulphate (10 g.) and potassium carbonate (30 g.) 
was refluxed for 24 hr., the hot solution filtered, and the filter-cake treated with hot water 
(500 ml.). The insoluble residue was collected, washed with more hot water (2560 ml.), and 
crystallised from acetic acid (1500 ml.), to give 5’ : 7’-dimethoxychromono(2’ : 3’-3 : 4)coumarin 
in almost colourless needles (4 g.), m. p. 312° [Found: C, 665; H, 38; OMe, 18-8, 
C,gH,O,(OMe), requires C, 66-7; H, 3:7; OMe, 19-1%], devoid of a ferric reaction and very 
sparingly soluble in the usual organic solvents. 

This dimethyl ether (1 yg.) and 5% aqueous alcoholic potassium hydroxide (40 ml,) were 
heated on the steam-bath for 90 min., cooled, diluted with water (100 ml.), and acidified; the 
crystalline precipitate was purified from aqueous methanol, to give 2: 2’-dihydroxy-4 : 6- 
dimethoxydeoxybenzoin in needles (0-8 g.), m. p. 155°, giving an intense red-brown ferric reaction 
[Found : ©, 66-9; H, 5-6; OMe, 21-6. C,H ,,0,(OMe), requires C, 66-7; H, 56-6; OMe, 21-56%). 
Methylation of this deoxybenzoin (0-5 g.) during 4 hr. as usual gave 2-hydroxy-4: 6; 2’-tri- 
methoxydeoxybenzoin (0-5 g.), identical with an authentic specimen.® 

A solution of 5’: 7’-dimethoxychromono(2’ : 3’-3; 4)coumarin (1 g.) in 5% alcoholic 
potassium hydroxide (20 ml.) and water (20 ml.) was heated on the steam-bath for 40 min., 
diluted with water (100 ml.), acidified, and shaken with ether (150 ml.), and the mixture filtered 
to remove unchanged starting material (0-2 g.). The ethereal solution was washed with 2n- 
sodium hydrogen carbonate (2 x 50 ml.), and the crystalline precipitate obtained on acidification 
of these washings was purified from benzene-acetone, to yield 3-(2-hydroxy-4 : 6-dimethoxy- 
benzoyl)coumarone-2-carboxylic acid (0-4 g.) in needles, m, p. 192° [Found: C, 63-6; H, 41, 
OMe, 18-5. Cy,H,O,(OMe), requires C, 63-2; H, 4:1; OMe, 187%). This acid is sparingly 
soluble in benzene, readily soluble in acetone, methanol, and alcohol, exhibits an intense red- 
brown ferric reaction, gives no derivative with 2: 4-dinitrophenylhydrazine sulphate, forms 
a deep orange solution in warm (100°) sulphuric acid, and is unchanged on 45 minutes’ boiling 
in acetic acid containing 5% of hydrochloric acid. 

3-(2: 4: 6-Tvimethoxybenzoyl\coumarone (X11; Ke H, RR’ = Me, RR” = OMe).---(a) 
Methylation during 4 hr. of the foregoing acid (1 g.) as usual gave methyl 3-(2 : 4: 6-trimethoxy- 
benzoyl)coumarone-2-carboxylate in needles (1 g.), m. p. 128° (from aqueous methanol) [Found : 
C, 65-0; H, 5-0; OMe, 33-4, C,,.H,O,(OMe), requires C, 64-9; H, 49; OMe, 33-5%}. 

When a solution of this ester (0-7 g.) in methanol (10 ml.) and water (10 ml.) containing 
potassium hydroxide (1-5 g.) was refluxed for 90 min., cooled, and acidified, isolation with ether 
furnished 2-(2: 4: 6-trimethoxyphenyl)coumarone (0-5 g.), identical with a previous specimen. 

A solution of methyl 3-(2 : 4: 6-trimethoxybenzoy!)coumarone-2-carboxylate (5 g.) in warm 
methanol (150 ml.) containing 2n-sodium hydroxide (5 ml.) was kept for 1} hr., then diluted 
with water (300 ml.), and the clear solution acidified (Congo-red). Purification of the precipitate 
from aqueous acetone gave 3-(2: 4: 6-trimethoxybenzoyl)coumarone-2-carboxylic acid (46 g.) 
in yellow tablets, m. p, 224° (decomp,), devoid of a ferric reaction [Found: C, 64-5; H, 46; 
OMe, 26-0. C,.H,O,(OMe), requires C, 64-1; H, 45; OMe, 261%). 

A mixture of this acid (2 g.), copper bronze (0-7 g.) and quinoline (12 ml.) was rapidly heated 
to the b. p., cooled, diluted with ether (200 ml.), washed with hydrochloric acid until free from 
quinoline, then with 2n-sodium hydrogen carbonate (1 x 50 ml.), dried, and evaporated, to 
furnish 3-(2: 4: 6-trimethoxybenzoyl)coumarone which separated from methanol (moderately 
soluble) in prisms (1-3 g.), m. p. 134°, devoid of a ferric reaction and dissolving in sulphuric 
acid to a bright yellow solution, unchanged by heating in the steam-bath (Found: C, 60-8; 
H, 5-2; OMe, 20-1. C,,H,O,(OMe), requires C, 69-2; H, 5&1; OMe, 207%). The oxime 
separated from aqueous methanol in needles, m, p. 190° (Found: C, 66-1; H, 6-2; N, 42, 
Cy,H,,O,N requires C, 66-1; H, 5-2; N, 43%). When boiled for 2 hr. with methanol (10 m1.) 
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and water (5 ml.) containing potassium hydroxide (2 g.), this benzofuran (0-5 g.) gave 2-(2: 4: 6- 
trimethoxyphenyl)coumarone (0-4 g.) identical with the previous specimen. In the absence 
of methanol formic acid was detected in the hydrolysate and identified as the NN’-dipheny!- 
formamidine.™ 

(6) A mixture of 3-(2-hydroxy-4 : 6-dimethoxybenzoyl)coumarone-2-carboxylic acid (1 g.), 
copper bronze (0-3 g.), and quinoline (10 ml.) was boiled for 3 min., cooled, diluted with ether 
(1560 ml.), washed with hydrochloric acid till free from base, then with 2n-sodium hydrogen 
carbonate, dried, and evaporated, to yield a dark brown gum (0-8 g.). Extraction with boiling 
light petroleum (b, p. 60-——80°) (5 ~ 25 ml.) followed by concentration to 15 ml, furnished 
crystals (0-26 g.) which, purified from methanol, gave 3-(2-hydroxy-4 : 6-dimethoxybenzoyl)- 
coumarone in yellow prisms (0-2 g.), m. p. 133° [Found: C, 68-5; H, 48; OMe, 19-8. 
C,,H,O,(OMe), requires C, 68-4; H, 4-7; OMe, 20-8%]. This substance is slowly soluble in 
2n-sodium hydroxide, and exhibits an intense red-brown ferric reaction. Methylation as usual 
gave quantitatively 3-(2: 4: 6-trimethoxybenzoyl)coumarone identical with that prepared by 
route (a), and when heated in acetic acid solution on the steam-bath during 1 hr. it was trans- 
formed quantitatively into 2’-hydroxy-5 ; 7-dimethoxyisoflavone. Purification of the brown, 
residual gum from methanol gave 2’-hydroxy-6 : 7-dimethoxyisoflavone (0-3 g.) identical with 
an authentic specimen and converted by methylation into 5: 7 : 2’-trimethoxyisoflavone, 

Demethylation of 3-(2: 4: 6-Trimethoxybenzoyl)coumarone,—-(a) When a solution of this 
coumarone (0-3 g.) in acetic acid (from 3 ml. of anhydride) and hydriodic acid (10 ml,; d@ 1-7) 
was refluxed for 20 min., dilution of the dark solution yielded a flocculent intractable red 
precipitate (0-25 g.). 

(b) A solution of this coumarone (0-6 g.) in acetic acid (10 ml.) and hydriodiec acid (2 ml.; 
d 1-7) was heated on the steam-bath for 1 hr., then diluted with water (50 ml.), and the red 
precipitate purified from methanol, to furnish 5: 2’-dihydroxy-7-methoxyisoflavone (0-2 g.), 
identical with an authentic specimen and converted quantitatively into 6: 7: 2’-trimethoxy- 
isoflavone 

(c) A solution of the coumarone (0-5 g.) in nitrobenzene (10 ml.) containing aluminium 
chloride (0-7 ¢.) was heated on the steam-bath and the mixture decomposed by ice 1 hr. later. 
Isolated by ether, the product was purified from methanol, to furnish (i) 2’-hydroxy-6 : 7- 
dimethoxyisoflavone (0-25 g.) and (ii) 3-(2-hydroxy-4 :; 6-dimethoxybenzoy!)coumarone (50 mg.). 

bi’ : 7°: 8-Trimethoxychromono(2’ : 3’-3: 4)coumarin (XI; R R’ = OMe, R” = Me). 
Prepared from 2: 4: 6-trihydroxy-2’ : 3’-dimethoxydeoxybenzoin® (10 g.) and ethoxalyl 
chloride according to the method of Baker et al.,” the crude semisolid product was heated 
under reflux for 1 hr. with acetic acid (100 ml.) and hydriodic acid (50 ml.; d 1-7), The 
product separated from the boiling solution and was purified from a very large volume of acetic 
acid, to give 5’ : 8-dihydroxy-1'-methoxychromono(2’ : 3’-3 : 4)coumarin in yellow needles (7 g.), 
m. p. >%00°, exhibiting an intense red-brown ferric reaction and very sparingly soluble in the 
usual organic solvents (Found: C, 62-2; H, 3-2; OMe, 9-5. C,,H,O,°OMe requires C, 62-6; 
H, 31; OMe, 95%). Methylation of this coumarin (6 g.) as usual for 24 hr., followed by 
isolation as described for the analogue, furnished 6’: 7’ : 8-trimethoxychromono(2’ : 3’-3 : 4) 
coumarin which separated from a large volume of acetic acid in pale yellow needles (4 g.), m. p. 
299°, devoid of a ferric reaction in alcohol and sparingly soluble in the usual organic solvents 

Found: C, 64-3; H, 40; OMe, 263. C,,H,O,(OMe), requires C, 64-4; H, 4-0; OMe, 26-3%). 

1-Methoxy-3-(2 : 4: 6-trimethoxybenzoyl)coumarone,—Alkali degradation of this coumarin 
(1 g.) in the conditions used for the other phloroglucinol analogue furnished unchanged material 
(Ol g.) and 3-(2-hAydroxy-4 : 6-dimethoxybenzoyl)-7-methoxycoumarone-2-carboxylic acid which 
separated from aqueous acetic acid in needles (0-4 g.), m, p. 213° (decomp.), giving an intense 
red-brown ferric reaction [Found: C, 61-5; H, 43; OMe, 249. C,,H,O,(OMe), requires 
C, 61-3; H, 43; OMe, 25-0%]. When heated to 250° for 5 min, this acid was converted almost 
quantitatively into 8’ : 7’: 8-trimethoxychromono(2’ : 3’-3 ; 4)coumarin. 

Methylation of this acid (2-5 g.) as usual for 4 hr, gave methyl 7-methoxy-3-(2 : 4: 6-trimethoxy- 
benzoyl)coumarone-2-carboxylate, prisms (2-5 g.), m. p. 144° (from aqueous methanol) [Found : 
C, 62-0; H, 61; OMe, 39-0. C,,H,O,(OMe), requires C, 63-0; H, 5-0; OMe, 38-85%]. This 
ester is devoid of a ferric reaction and on hydrolysis gave quantitatively the acid, yellow prisms 
(from aqueous acetone), m, p. 209° [Found: C, 62-3; H, 47; OMe, 32-1. C,,H,O,(OMe), 
requires C, 62:1; H, 47; OMe, 31-90%), (2 g. of which were decarboxylated in quinoline 
(10 ml.) containing copper bronze (0-5 g.) to 7-methoxy-3-(2 : 4 : 6-trimethoxybenzoyl)coumarone, 


*” Whalley, J., 1948, 1014 
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prisms (1-2 g.), m. p. 201° (from acetone) [Found ; C, 67-0; H, 5-2; OMe, 35-4. C,,H,yO,(OMe), 
requires C, 66-7; H, 5-3; OMe, 36-2%], This substance (0-2 g.) is resinified completely when 
refluxed with acetic acid (3 ml.) and hydriodic acid (5 ml.; d 1-7) for 20 min., is only moderately 
soluble in alcohol and acetone, and dissolves in hydrochloric acid to a deep yellow solution, 
unchanged on the steam-bath. 

When this coumarone (0-5 g.) was heated under reflux for 3 hr. with methanol (20 ml.) 
and water (5 ml.) containing potassium hydroxide (5 g.), isolation with ether from the acidified 
hydrolysate gave 7-methowy-2-(2: 4: 6-trimethoxyphenyl)coumarone which separated from 
methanol in needles (0-3 g.), m. p. 135°, devoid of a ferric reaction and insoluble in 2n-sodium 
hydroxide {[Found: C, 68-4; H, 5:7; OMe, 38-7. C,,H,O(OMe), requires C, 68-8; H, 5-7; 
OMe, 38-1%]}. 

6-Methoxy-3-(2 : 4: 6-trimethoxybenzoyl)coumarone.-When the crude product from the 
reaction of 2: 4: 6-trihydroxy-2’ : 4’-dimethoxydeoxybenzoin ® (10 g.) and ethoxalyl chloride 
(20 ml.) in pyridine (50 ml.) was refluxed for 1 hr. with hydriodic acid (25 ml.; d 1-7) and acetic 
acid (50 ml.) orange-yellow crystals (4 g.) separated, The coumarin was methylated without 
further purification, as usual, to furnish 5’: 7’: 7-trimethoxychromono(2’: 3’-3 ; 4)coumarin 
(4 g.), yellow needles, m, p. 202° (from acetic acid; moderately soluble) [Found: C, 64-0; 
H, 45; OMe, 24:9. CysH,O,(OMe), requires C, 64-4; H, 3-9; OMe, 263%). 

When the compound (1 g.) was treated with alkali as described for the phloroglucinol 
analogues the resultant 3-(2-hydroxy-4 : 6-dimethoxybenzoyl)-6-methoxycoumarone-2-carboxylic 
acid was obtained (from aqueous acetic acid) in needles (0-3-—-0-5 g.), m. p, 204° with rapid 
re-solidification and reversion to the parent chromonocoumarin [Found: C, 60-7; H, 4-6; 
OMe, 23-8. C©,,H,O,;(OMe), requires C, 61:3; H, 4:3; OMe, 250%]. This acid exhibits an 
intense red-brown ferric reaction. 

Methylation of this acid (4 g.) as usual gave methy! 3-(2: 4: 6-trimethoxybenzoyl)-6-methoxy- 
coumarone-2-carboxylate (4 g.) in needles, m. p, 150° (from methanol; moderately soluble) 
(Found: C, 62-4; H, 53; OMe, 38-8, C,,H,O,(OMe), requires C, 63-0; H, 5-0; OMe, 38-8%], 
hydrolysed (2-5 g.) in methanol (50 ml.) with 2n-sodium hydroxide (5 ml.) quantitatively 
at room temperature (20 min.) to 6-methoxy-3-(2 : 4: 6-trimethoxybenzoyl)coumarone-2-carboxylic 
acid, yellow needles (from aqueous acetone), m. p. 215° [Found ; C, 62:9; H, 5:3; OMe, 32-2, 
Cy4H,O,(OMe), requires C, 62-2; H, 47; OMe, 32:1%], 

Decarboxylation of this acid (1-7 g.) with copper-bronze (0-3 g.) in quinoline (15 ml), as 
previously described, gave 6-methoxy-3-(2 : 4: 6-trimethoxybenzoyl)coumarone (1-2 g.), needles 
(from methanol), m. p. 151° [Found; C, 66-7; H, 5-5; OMe, 36-3. C,,H,O,(OMe), requires 
C, 66-7; H, 5-3; OMe, 36-3%]. This gives no ferric reaction and is rapidly resinified by warm 
dilute mineral acids, 

2’-Methoxyisoflavone.—A solution of 2-hydroxy-2’-methoxybenzil™ (8 g.) and ethyl bromo- 
acetate (5 g., 1-1 mol.) in acetone (100 ml.) containing potassium carbonate (15 g.) was refluxed 
until a test portion gave no ferric reaction (8 hr.), After isolation, 2-ethoxycarbonylmethoxy-2’ 
methoxybenzil (8 g.) separated from aqueous ethanol in prisms, m, p. 79°, not giving a ferric 
reaction (Found : C, 66-4; H, 5-3. C,H,,O, requires C, 66-7; H, 53%) 

Hydrolysis of this ester occurred rapidly at room temperature with 2N-aqueous-alcoholic 
sodium hydroxide to furnish almost quantitatively 2’-methory-2-methoxycarbonylbensil which 
separated from benzene in needles, m. p. 149° (Found: C, 650; H, 46; OMe, 10-2, 
C,gH,,0,°0OMe requires C, 65-0; H, 46; OMe, 10-0%). 

Cyclisation of this acid (6 g.) in boiling acetic anhydride (30 ml.) containing sodium acetate 
(20 g.) during 14 hr. gave 2’-methoxyisoflavone (3-5 g.), prisms (from methanol; sparingly soluble), 
m. p. 184° (Found: C, 75:9; H, 52; OMe, 12-6, C,,H,O,*OMe requires C, 76-2; H, 48; 
OMe, 12-3%). 

Hydrolysis of this compound (0-5 g.) with boiling methanol (10 ml.) and water (5 ml.) con- 
taining potassium hydroxide (2 g.) during 14 hr. gave almost quantitatively 2-hydroxy-2’- 
methoxydeoxybenzoin, m. p. 64° [from light petroleum (b. p. 40--60°)], giving an intense violet 
ferric reaction (Found : C, 74-5; H, 5-8, C,,H,,O, requires C, 74-4; H, 58%) 

Cyclisation of this ketone by sodium-ethyl formate gave quantitatively the unstable 
2-hydroxy-2’-methoxyisoflavanone which was rapidly converted, in the presence of a trace of 
acid, into 2’-methoxyisoflavone, 

7: 2’: 4’-Trimethoxyisoflavone,-A solution of 2: 2’: 4: 4’-tetrahydroxybenzil* (47 g.) 
and dimethyl sulphate (6-5 g., 3 mol.) in boiling acetone (100 ml.) containing potassium carbonate 


* Schonberg and Kraemer, Ber., 1922, 65, 1185. 
22 Schraufstatter, Chem. Ber., 1948, 81, 240 
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(165 g.) was refluxed for 6 hr, After isolation the crude product was dissolved in alcohol, most 
of the 2: 2’; 4; 4’-tetramethoxybenzil (2-1 g.) separating. After evaporation of the mother- 
liquors the residue was dissolved in ether and washed with 2n-sodium hydroxide (2 x 50 ml.), 
the extract acidified, and the precipitate purified from methanol, to give 2-hydroxy-2’ : 4: 4’- 
trimethoxybenziul (1-2 g.) in pale yellow needles, m. p. 110°, giving an intense red-brown ferric 
reaction (Found; C, 64-6; H, 5-2; OMe, 20-1, C,H,O,(OMe), requires C, 646; H, 5-1; 
OMe, 29-4%}. 

Condensation of this benzil (3 g.) with ethyl bromoacetate in the usual manner gave 2-ethoxy- 
carbonylmethoxy-2 ; 4; 4’-trimethoxybensil (3 g.), plates, m. p. 102° (Found: C, 62-6; H, 5-6. 
CoH gO,» requires C, 62-7; H, 55%), hydrolysed (2-5 g.) to the acid (2-2 g.), needles, m. p. 195° 
(from acetone) [Found : C, 61-0; H, 49; OMe, 24-7. C,,H,O,(OMe), requires C, 61-0; H, 4-8; 
OMe, 24-8%) 

Cyclisation of this acid (2 g.) with sodium acetate (5 g.) and boiling acetic anhydride (15 ml.) 
during 45 min, gave 7: 2’; 4’-trimethoxyisoflavone (1 g.) identical with an authentic specimen. 


The authors thank Smith, Kline and French Laboratories, Philadelphia, for a gift of 2: 3- 
dimethoxybenzaldehyde, 


University or LiveRPoor., (Received, March 9th, 1956.) 


NOTES. 
617. Aluminium Complexes of Flavonols, 
By J. A. BALLAntine and W. B. WiHaLey. 


Our interest +* in the properties of 2’-methoxyphenylpyrones led us to investigate the 
possibility of dehydrating 3: 2’-dihydroxyflavones (1) to linear dehydro-analogues (I1) of 
the homopterocarpin ring system*® (V), since it is possible that the biogenesis of 


homopterocarpin and pterocarpin follows a comparable route (I11) — ([V) — (V) 
(cf. King and Bottomley 4), 

3: 2’-Dihydroxy-6-methylflavone (I; R = Me), prepared in the usual manner from 
2’-hydroxy-2-methoxy-5’-methylchalkone, was, however, recovered from solution in cold 


(ili) (R = OMe) ‘) (R = OMe) 


and hot (100°) concentrated sulphuric acid, and was unaffected by phosphoric oxide in 
boiling benzene and by refluxing syrupy phosphoric acid, and acetic anhydride furnished 
the diacetate. In an effort to effect a type of ‘‘ cyclodehydration,” heating the dimethyl 
ether with aluminium chloride in nitrobenzene gave a crystalline complex of the dihydroxy- 
flavone and aluminium of the probable type (Flavone-2H},Al, although on the basis of 

' Whalley, /., 1953, 3366; Simpson and Whalley, /., 1955, 166. 

* Whalley, /. Amer. Chem. Soc., 1953, 75, 1059. 

* Spath and Schlager, Ber., 1040, 78, 1; McGookin, Robertson, and Whalley, J., 1940, 787. 

' King and Bettomley, J., 1954, 1400 
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the analytical figures closely allied formule cannot be excluded, 3: 2’-Dihydroxy- 
flavone furnished an analogous crystalline complex, from which the alur:'nium was not 
easily removed. The absence of chlorine and methoxy! groups and of hy¢dr.xyl absorption 
bands in the infrared spectra of these compounds, the negative ferric reaction, and the 
insolubility in aqueous sodium hydroxide indicate that the 3- and the 2’-hydroxyl group 


> lth 


° 


(Vil) 


O OH< OMe 

# i 
<> 
r?) 


(1X) 


are concerned in this complex formation. These observations are satisfactorily 
accommodated by a formula of type (V1), although other formulations cannot be entirely 
excluded. Formule of types (VII) and (VIII) were eliminated by the failure of 3- and 
2’-hydroxy-6-methylflavone to yield analogous compounds with aluminium. The fluores- 
cence of hydroxyflavones in the presence of various metal ions is well established and 
morin (3: 5:7: 2’: 4’-pentahydroxyflavone) has long been used for the detection of 
metal ions (particularly aluminium) because of the unique intensity of the fluorescence * 
exhibited in the presence of these ions in both acid and alkaline solution. Undoubtedly 
this effect may be ascribed to complex formation of the type described above and we have 
found that morin furnishes an intensely fluorescent, solid, non-crystallisable complex with 
aluminium. 

These observations directed our attention to the constitution of the anhydrosulphate 
of morin,® which has been allocated the structure (X) by Robinson and Venkataraman.’ 
Unfortunately repeated attempts to prepare a crystalline sulphate from 3 ; 2’-dihydroxy- 
6-methylflavone were unsuccessful, but the production of normal sulphates by 3- and 
2’-hydroxy-6-methylflavone, the latter of which might be expected to furnish an anhydro- 
sulphate of type (X) by analogy with morin,’ suggests that Robinson's formula should be 
treated with reserve. 

It is noteworthy that in 3 : 2’-dihydroxyflavones the hydroxy! groups which interact 
with aluminium in this novel manner occupy the same relative positions as the hydroxy! 
and the methoxyl group in 2-hydroxy-2’-methoxyisoflavanones (IX) where hydrogen 
bonding of these two groups has been suggested * as a major contributary factor to the 
abnormal stability of the 2-hydroxyisoflavanone system. In each case a seven-numbered 
ring is involved. 


Experimental.—3 : 2’-Dihydroxy-6-methylflavone. A solution of potassium hydroxide (10 g.) 
in water (10 ml.) was added to a solution of 2-acetyl-p-cresol (OH = 1) (5 g.) and o-methoxy- 
benzaldehyde (8 g.) in alcohol (20 ml.) (cooling as required), and 2 hr. later the product was 


* Neelakantam and Row, Indian Acad. Sci., 1942, 14, A, 307; Schantl, Mikrochem., 1924, 2, 174. 
* Perkin and Pate, /., 1895, 67, 644. 
’ Robinson and Venkataraman, ibid., 1929, 61. 
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isolated by acidification of the cold solution and purified from methanol to furnish 2’-hydroxy- 
2-methoxy-%’-methylchalhone (7 g.) in yellow needles, m, p. 103° (Found: C, 76-2; H, 6:1. 
CyqH gO, requires C, 76-0; H, 60%), 

When hydrogen peroxide (100-vol.; 100 ml.) was added gradually to a warm solution (30°) 
of 2’-hydroxy-2-methoxy-5’-methylchalkone (5 g.) in 30% aqueous sodium hydroxide (100 ml.) 
and the mixture acidified 30 min. later, the precipitated 3-hydroxy-2’-methoxy-6-methylflavone 
separated from methanol in pale yellow prisms (5-2 g.), m. p. 200° (Found: C, 72-6; H, 4-8 
Cy 7H yO, requires C, 72-3; H, 5-0%). 

Methylation of this by methy] sulphate~potassium carbonate-acetone furnished a quantit 
ative yield of 3; 2’-dimethoxy-6-methylflavone in needles, m. p. 124°, from methanol (Found : 
C,727; H, 66. CygH,,O, requires C, 73-0; H, 5-4%). 

The demethylation of either 3: 2’-dimethoxy-6-methyl- or of 3-hydroxy-2’-methoxy-6- 
methyl-flavone (5 g.) during 1 hr. with boiling hydriodic acid (25 m].; d 1-7)-acetic acid (from 
20 ml, of acetic anhydride) furnished 3 ; 2’-dihydroxy-6-methylflavone which separated from 
methanol in pale yellow needles (4-5 g.), m. p. 200°, having an intense green-brown ferric 
reaction in alcohol (Found; C, 71-8; H, 46. CygH,,O, requires C, 71-6; H, 45%). The 
mixed m, p. with 3-hydroxy-2’-methoxy-6-methylflavone was ca, 170°. 

The diacetate separated from aqueous methanol in needles, m. p, 128°, having a negative 
ferric reaction in alcohol (Found: C, 65-3; H, 6-0. CygH,,O,,H,O requires C, 64-9; H, 49%). 

A solution of 3: 2’-dimethoxy-6-methylflavone (1 g.) in nitrobenzene (30 ml.) containing 
aluminium chloride (4 g.) was heated on the steam-bath for 4 hr. After isolation in the usual 
manner followed by the removal of the nitrobenzene in steam the green-yellow solid was 
purified from benzene (sparingly soluble) to give the complex (0-6 g.) in intense yellow prisms, 
m, p. »3830° [PFound: C, 60-4; H, 43; Al, 3-8. (C,,H,,O0,),Al requires C, 69-8; H, 3-7; 
Al, 33% This compound is moderately soluble in methanol, ethanol, acetone, and chloro 
form, and the solutions exhibit an intense green fluorescence, even in very high dilution, The 
complex is recovered quantitatively after chromatography in chloroform on activated 
aluminium, has no ferric reaction in alcohol, is insoluble in hot 2n-sodium hydroxide, and gives 
rise quantitatively to 3: 2’-dihydroxy-6-methylflavone when the solution in acetic-hydro- 
chloric acid (1: 1) is refluxed for 10 min. 

3-Hydroxy-2’-methoxy-6-methyl- and 3: 2’-dihydroxy-6-methyl-flavone afforded the same 
complex under similar conditions, 

Similarly 3; 2’-dihydroxyflavone! gave rise to a complex which separated from benzene in 
bright yellow needles, m. p. »330° (Found: C, 684; H, 3-6; Al, 4-4. (C,,H,O,),Al requires 
C, 68-9; H, 3-1; Al, 3-56%). 

3-H ydroxy-6-methylflavone, Prepared by the condensation of 2-acetyl-p-cresol (5 g.) and 
benzaldehyde (8 g.) with potassium hydroxide (10 g.) in water (10 ml.) and alcohcl (20 ml), 
2’-hydroxy-b'-methylchalhone separated from methanol in orange tablets (6 g.), m. p. 110° 
(Found ; C, 80-3; H, 5-8. C,,H,,O, requires C, 80-7; H, 5-9%). 

Oxidation of this chalkone (1 g.) with 100-vol. hydrogen peroxide in the usual manner gave 
3-hydroxy-6-methylflavone (0-6 g.), m. p. 197°. Auwers and Miiller® record m. p. 197—-198° 
for 4 specimen prepared by another method. 

The sulphate separated from sulphuric-acetic acid in bright yellow plates, m. p. ca. 120° 
(decomp.) (Found; C, 63-6; H, 42. C,,H,,0,,H,SO, requires C, 54-9; H, 40%). 

Similarly the sulphate of 2’-hydroxy-6-methylflavone ® separated from sulphuric~—acetic 
acid in bright yellow plates, m. p. 226° (decomp,) (Found: C, 54:7; H, 39%). 


University ov LiverPoor, [Recewwed, March 9th, 1956.) 


* Auwers and Miller, Ber., 1908, 41, 4239 
’ Raker and Besley, /., 1940, 1103 


(1956) Notes. 


618. Proof of the Structure of “ v-Glucosazone-formazan ” 
(1-Phenylazo-p-glucosazone) by Synthesis. 
sy L. Mester and A. Major. 


‘* p-GLUCOSAZONE-FORMAZAN ” (1-phenylazo-p-glucosazone) (I1) was prepared by one of 
us + by coupling p-glucosazone (1) with benzenediazonium chloride in alkaline alcohol. 
A few simple representatives of this class were synthesised long ago by Bamberger and 
Lorenzen * by condensing a-keto-formazans with phenylhydrazine: ¢.g., acetylformazan, 
NPhiN-CAc:N-NHPh, gave “ methylglyoxalosazone-formazan " [1-phenylazo-1 : 2-(di- 
N’-phenylhydrazono)propane}. Similarly we now find that coupling p-glucosone 1-phenyl- 
hydrazone * with diazotised aniline in cold pyridine yields the “ glucosone-formazan ” 
(IV) as red needles, which with phenylhydrazine gives the known violet “ p-glucosazone- 
formazan’ (II), The identity of the two products not only proves the structure of 


-N:NPh ia 
CH:N-NHPh N-NHPh ~N- H:N-NHPh 


C:N-NHPh "N-NHPh fe) 


HO-—C-H 
H- C—OH 
i 
H—C—OH OH 


CH,-OH ¢H,-OH ; H,OH 
(i (11) (111) 


‘ p-glucosazone-formazan,"’ but leaves no doubt that in Henseke and Lorenzen’s D-glucos- 
one phenylhydrazone the hydrazine group is attached to Cy) since aldehyde phenylhydr- 
azones, but not ketone phenylhydrazones, yield formazans.*® This open-chain structure 
of the phenylhydrazone ® may be in equilibrium with the 2: 6-pyranoside structure but 
the latter is not able to afford the formazan—the cyclic structure was postulated by 
Henseke and Liebenow for p-glucosone 1-N’-methyl-N’-phenylhydrazone. 


Experimental.—1-Phenylazo-p-glucosone 1-phenylhydrazone. w-Glucosone 1-N’-phenyl- 
hydrazone (1-62 g., 0-006 mole), dissolved in pyridine (16-2 ml,), was coupled at —5° with 
diazotised aniline (0-6 g., 0-006 mole + 7:5%). After 4 hr. the solution was poured on ice and 
water, and 24 hr, later the sticky material was collected. Dissolving it in absolute alcohol 
(0-3 ml.) gave 1-phenylazo-p-glucosone 1-N’-phenylhydrazone as red needles (0-22 g.) which, 
twice recrystallised from 50% alcohol, had m, p. 166° (0-20 g.) (Found: N, 14:8. CygH gO,N, 
requires N, 15-05%). 

1-Phenylazo-b-glucosazone, The preceding product (0-15 g., 0-0004 mole) in warm acetic 
acid (6 ml.) and alcohol (1-5 ml.) was treated with phenylhydrazine (0-065 g., 0-0004 mole + 10%), 
After 44 hr. the product crystallised in violet needles (0-03 g.). The mother-liquor was poured 
into water (40 ml.), and the precipitate filtered off. The two products were combined and 
recrystallised from pyridine (5 parts)—alcohol (15 parts) and then had m, p, 187--188° alone or 
mixed with the ‘‘ formazan ’’ prepared by the previous method 


The authors thank Professor G. Zémplen for his advice and interest, Assistant Professor 
G. Henseke for information, and Miss Ilona Batta for microanalyses, 
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* Personal commanication from G. Henseke; M, Winter, Diplomarbeit, Greifswald, 1054. 
* Von Pechmann, Ber., 1892, 25, 3181 

* Mester and Major, J]. Amer, Chem. Soc., 1966, 78, 1403 

© Idem, |]. Amer. Chem. Soc., 1965, 77, 4297. 
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619. T'wo Novel Carbohydrate Formazans. 
By L. Mester and E. MéczAr. 


Tue product obtained from 1 : 2-0-isopropylidene-p-glucose by periodic acid * has been 
converted by us into the monophenylhydrazone derived from 1 : 2-O-4sopropylidene-p- 
xylotrihydroxyglutardialdehyde and into p-xylotrihydroxyglutardialdehyde bispheny]l- 
hydrazone which were obtained earlier by using lead tetra-acetate as the oxidant.** 


Reaction of the crystalline monophenylhydrazone with diazotised aniline in pyridine- 
ethanol (cf. preceding communication) gave 75% of the compound (I), and the bispheny]l- 
hydrazone gave the bis-compound (II). The former product is the first sugar derivative 
to contain the formazan group at the highest-numbered carbon atom: the latter belongs 
to a novel class of sugar derivatives, Use of these compounds as biological redox indicators 
is being investigated.® ® 


Lxperimental.—| ; 2-O-4soPropylidene-p-glucose was oxidised with periodic acid as described 
by Sowden,' and from the product the monophenylhydrazone and, after hydrolysis, the bis- 
phenylhydrazone were prepared by Iwadare’s method.* 

5- Deoxy-6-phenylazo-6-N’-phenylhydrazono-\ : 2-O-isopropylidene-v-xylofuranose. To 6-deoxy- 
56-N’-phenylhydrazono-1 ; 2-O-isopropylidene-p-xylofuranose (17 g.) in pyridine (120 ml.) and 
ethanol (180 ml.) at —5° was added a diazo-solution from aniline (6 g., 1-075 mol.). The 
mixture at once became red and after 20 min. was poured on ice. Next day the product (7-5 g., 
745%) was collected and thrice recrystallised from alcohol, forming red needles, m. p. 202° 
(Found: N, 14-5; C, 62-9; H, 54. CygH,,O,N, requires N, 14-7; C, 62-9; H, 5-3%). 

The “ formazan "’ (0-6 g.) with pyridine (5 ml.) and acetic anhydride (5 ml.) in 24 hr, at 
room temperature gave a monoacetate (0-8 g.) which after three crystallisations from alcohol 
had m. p. 162° (0-15 g.) (Found; N, 13-5; C, 6290; H, 6-7. C,,H,,O,N, requires N, 13-2; 
C, 62-55; H, 52%). 

1: 6-Diphenylazo-v-~-xylotrihydroxyglutardialdehyde bis-N’-phenylhydrazone. p-«yloT ri- 
hydroxyglutardialdehyde bisphenylhydrazone (0-48 g.) in pyridine (7 ml.) and alcohol (7 ml.) 
was added with ice-salt cooling to a diazo-solution (3 ml.) from aniline (0-3 g.). After 1 hr. the 
red solution was poured on ice-water; the precipitate, washed several times with water, 
solidified in 2 days (yield, 0-3 g., 38%). Recrystallisation from ethanol yielded the product 
(0-18 g.), m. p. 181-—-182° (Found: N, 20-3. C,,H,,O,N, requires N, 20-8%). With pyridine 
(1 ml.) and acetic anhydride (1 ml.) it (0-05 g.) gave the triacetate, m. p. 163-—-164° (Found : 
N, 16:4, Cy HON, requires N, 16-8%). 


We thank Professor G, Zemplén for valuable advice and Miss Ilona Batta for the micro- 
analyses, 
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620. Critical Concentrations of Some Alkylpyridinium Iodides in 
Water and in Xylene evaluated from Solubility Measurements. 


By C. C. Appison and C, G, L. Furmipce. 


At the critical concentration for the formation of micelles in solution there is a sharp 
increase in the solubility of long-chain electrolytes.‘ This is well established for salts 
containing long-chain anions ** and long-chain cations,’ but experimental data on the 
latter are more limited; the measurements by Adam and Pankhurst * included few solubility 
values below the critical concentration. During a separate investigation,‘ solubility 
measurements on some alkylpyridinium salts were extended to lower ranges than those 
previously used, so that the critical concentrations could be evaluated by this method; 


Fie, 1, 


] i 
oy, 3 
tor 


the solubilities of some of the salts in water or xylene have not previously been measured. 
This note records these new data, 


Experimental.—Alkylpyridinium chlorides were prepared (free from homologues) by reaction 
between the alkyl chloride and pyridine,’ and then converted into the iodide.‘ Crystals of the 
alkylpyridinium iodides are not readily wetted by water, and preparation of dilute solutions by 
direct dissolution of a small weighed quantity of the iodide may lead to error; concentrated 
solutions were therefore diluted. Glass tubes containing 10 ml. of the solution were sealed and 
then cooled until solute crystallised. In some cases the tubes stood several days near 0° before 
crystallisation occurred, The solubility temperatures quoted are those at which crystals 
dissolved when warmed. The tudes were immersed in a thermostat controlled to 4+0-1°, and 
were constantly agitated. Since the quantity of suspended crystals was often extremely small, 
the tubes were viewed by microscope, with transverse lighting. Over the low concentration 
ranges, solubility temperatures were accurate to +0-5°, and above the critical concentration 
to +0-1°. 

Murray and Hartley, Trans. Faraday Soc., 1935, 31, 183. 


Tartar and Wright, J. Amer. Chem. Soc., 1939, 61, 539 
Adam and Pankhurst, Trans, Faraday Soc., 1946, 42, 523. 


1 
“ 
s 
* Addison and Furmidge, J. Sci. Food Agric., 1954, §, 212 
* Knight and Shaw, J., 1938, 683, 
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Results.—The variation in solubility S (molar) in water with temperature is shown in 
Fig. 1 for dodecyl-, tetradecyl-, hexadecyl-, and octadecyl-pyridinium iodides (curves 
A, B, C, and D, respectively), When log S is plotted against 1/7, the breaks in the curves 
and the chain length effect are clearly shown, and solubility values extend to sufficiently 
low temperatures to enable critical concentrations to be evaluated with accuracy. These 
are compared in Table 1 with corresponding values from interfacial tension measurements ; 


TABLE I. 
Critical concn. (molar) 


oe, 


Published values 


(¢ 
(¢ 
(¢ 
(¢ 
(¢ 
(( 
(¢ 


Alkylpyridinium halide 


ie! saa 


CHLN)* Bro 
| H1,N)* Ibr 
CH ,N)* Cl- 


0-0041(18-0°) 

000079 (280°) 
06-0003 1(35-0°) 
0-000 13(45-5") 
0-0032(14-0") 

0-00048(27-0°) 
000084 (13-0°) 


0-0043(18-5") 
0-0012(40-0°) 
0-00044(50-0") 


0-031 (185°) 
000047 (30-0°) 
0-00085(18-5") 


from water solubility from interfacial tension 


0-0055(25°) 


0-00075(35°) * 
0-0009 (25°) ¢ 


‘i 
ia”! ae 
* From absorption spectra and dye solubilisation; Harkins, Krizek, and Corrin, J. Colloid Sci., 
1951, 6, 576. *& Prom conductivity measurements; Hartley, Collie, and Samis, Trans. Faraday Soc., 
1936, 82, 708. * From azobenzene solubilisation; Hartley, J., 1938, 1968 


data for three related halides are also given. After allowance for temperature differences, 
agreement is good. The published value for cetylpyridinium bromide * appears to be too 
high. 

Addition of sodium iodide to an alkylpyridinium iodide solution in water reduces both 
solubility and critical concentration, At high concentrations the solubility temperature 
is modified only slightly, but there are pronounced differences at concentrations below the 
critical concentration in water alone (Table 2). 


TABLE 2. 
Solubility temp, 

of alkylpyridiniam , 
iodide (L0-*m) 
Tetradecylpyridinium iodide 

(a) in water , 

(4b) in 0-007molar Nal solution 
Cetylpyridinium iodide 

a) im water ; 

(b) in 0-007molar Nal solution 


Concn 


O's 0-6 0-4 


29-5" 80° 
34-6" 


321° 
“ao 27-9 

36-9 30° 
43-8 43-7 


40-7" 
44-0 


40-6° 
440°" 


Solubility of the four alkylpyridinium iodides discussed here is lower in xylene (mixture 
of isomers; b, p, 138°) than in water (Fig. 2). Aggregation of long-chain compounds 
to spherical or lamellar micelles in organic solvents is much less pronounced than in water, 
the micelle often consisting of about 3—6 molecules only.? Published evidence leaves 
some doubt as to whether such micelle formation occurs at a critical concentration in 
organic solvents, but the breaks in the curves in Fig, 2 suggest that a critical concentration 
does exist in these systems. The breaks are much less pronounced than those in aqueous 
solution, but in contrast the critical concentrations are not greatly influenced by alteration 
in chain length, and micelle formation occurs less abruptly as chain length is increased. 


Ine University, NOTTINGHAM. [Received, February 16th, 1956.) 
, Collie and Samis, Trans, Faraday Soc., 1936, 32, 798. 

’ Gonick, /. Colloid Sci., 1946, 1, 393; Palit, Proc, Roy. Soc., 1951, A, 208, 542; Martin and Pink, 
/., 1948, 1750; Van der Waarden, |. Colloid Sci., 1960, §, 448; Arkin and Singleterry, /, Amer. Chem. 
Soe., 1948, 70, 3965; Mattoon and Mathews, /. Chem. Phys., 1949, 17, 406. 
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621. Jnteraction of Acetyl Peroxide with But-3-enoic Acid and Crotonic 
Acid. A New Example of Allylic Shift of Olefinic Bond in Free- 


radical Reactions. 
By K. B. L. Matuur and R. S. THAKuR, 


InsTANCES of allylic shift during a free-radical reaction have been recorded for the action 
of acetyl peroxide on allylbenzene ! (giving radical (!)| and for the action of a Grignard 
reagent on cinnamyl chloride in the presence of cobaltous chloride * {giving radical (I1)). 
In both reactions the dimerised product was a mixture of | : 4-diphenyl- and | : 6-dipheny!- 
hexa-l : 5-diene, but no 3: 4-diphenylhexa-1 : 5-diene was obtained.' The formation of 
the 1 : 4-diphenyl derivative is explicable only if radicals (1) and (II) are interconvertible, 


(I) *CHPh*CH:CH, <==" CHPhICH-CH,: (II) 


We now record another example of the allylic shift in the reaction of acetyl peroxide 
and but-3-enoic acid (6 mol.) at 90—95°. 

A solid and some viscous polymeric material are obtained. The solid was proved to be 
subercolic acid (IV) by comparison of its properties,’ by its reduction to suberic acid, and 
by comparison with an authentic sample. The reaction can be represented as shown : 


Mm . 
CH,:CH-CH,-CO,H ——t CH,ICH-CH-CO,H —— -CH,-CH:CH:CO,H ——® [—CH,-CH:CH-CO,H], 
(111) (IV) 


Crotonic acid which also has a reactive y-hydrogen atom does not give subercolic acid 
when similarly treated. The products consist of a viscous water-soluble fraction and an 
unsaturated solid whose composition approximates to (C,;H,O,|,;. It therefore seems 
probable that the methyl radical has added stoicheiometrically to crotonic acid. Therefore, 
the subercolic acid isolated from experiments with but-3-enoic acid cannot have arisen 
by prior isomerisation to crotonic acid, and the reaction of acetyl peroxide and but-3-enoic 
acid thus furnishes another example of allylic shift in a free-radical reaction. 


Experimental._-But-3-enoic acid, b. p. 69-—-70°/12 mm., and crotonie acid, m. p. 72°, were 
prepared as described by Vogel. Acetyl peroxide, m. p, 26°, was prepared by Gambergen’s 
method. Suberic acid was obtained by the oxidation of castor oil with nitric acid;* a 
product of m. p. 139° was obtained only by again triturating the sample obtained by this 
method with chloroform and recycling the residue. Subercolic acid, m. p. 252--253°, was 
obtained from ethyl dibromosuberate by Goss and Ingold’s method,* 

Interaction of but-3-enoic acid with acetyl peroxide, A solution of acetyl peroxide (5-9 g.) 
in but-3-enoic acid (15-66 g., 3-6 mols.) was added during 5 hr. to but-3-enoic acid (10-44 g., 
2-4 mols.) maintained at 90—95° (bath temp.) and the mixture heated thereafter for a further 
3 hr., no colour being then given with starch—iodide paper. After being kept overnight the 
mixture contained a suspension of crystals (0-35 g.) which were recrystallised from water, 
giving needles, m. p. 253°, of an unsaturated acid (Found: C, 566; H, 61. Cale, for 
C,H,,0,: C, 56-6; H, 59%). A mixture with authentic subercolic acid had m. p, 251-252”. 
Distillation of the filtrate gave unchanged butenoic acid (16 g.); the residue (8 g.) was viscous 
and could not be crystallised. The product of fusion with resorcinol and sulphuric acid when 
made alkaline gave a red colour with only a faint fluorescence. 

No other product of the dimerisation or rearrangement and dimerisation of the free radical 
(III) could be detected. 

Reduction of the acid, m. p. 253°, by sodium amalgam. ‘Thi acid (0-25 g.) was dissolved in 
hot water (50 ml.) and treated at the boiling point with 4° sodium amalgam (50 g,) during 


' Koch, /., 1948, 1111. 

* Kharasch et al., J. Org. Chem., 1946, 10, 298. 

* Cf. Goss and Ingold, J., 1926, 1472 

* Vogel, “ Practical Organic Chemistry,’’ Longmans, London, 1961, p. 451, 
* Gambergen, Der., 1909, 42, 4010. 

* Edmund, Kon, and Stevenson, J., 1920, 117, 641, 
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4 hr. The liquor was acidified and extracted with ether, and the ether removed. The white 
residue when crystallised from water had m. p. 140°. A mixture with authentic suberic acid 
had m., p. 139°, 

Interaction of acetyl peroxide and crotonic acid in benzene solution. Acetyl peroxide (2-9 g.) 
in benzene (20 ml.) was added during 8 hr. to crotonic acid (4-3 g., 2 mols.) in boiling benzene 
(20 ml.), and the boiling continued for a further 8 hr. The benzene was removed by distillation 
and the unchanged crotonic acid by steam distillation. The residual liquor was digested with 
saturated sodium hydrogen carbonate solution (3 x 20 ml.) and filtered, and the extract 
acidified with concentrated hydrochloric acid, an oil being precipitated. This oil, when kept 
over phosphoric oxide in a vacuum desiccator, solidified to a brittle mass (A), m. p. 68-—-70° 
[Found : C, 61-3; H, 86; Br absorption (KBr-KBrO,), 39%; M (Rast), 450; equiv., 133. 
(C,H,O,), requires C, 60-0; H, 8-0%), which did not yield any characteristic derivative. From 
the acidified residual liquors a viscous water-soluble product (B) was obtained by extraction 
with ether. Both products behaved in the fluorescence test (fusion with resorcinol and 
sulphuric acid) like dibasic acids, 

The reaction products from §-chlorocrotonic acid, methyl y-bromocrotonate, and tetrolic 
acid were viscous, 


The authors thank Professor T, R. Seshadri for his interest in the work and for facilities. 
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622. Preparation of 4-Substituted 2-Dimethylamino-5-nitro- and 
-5-amino-pyrimidines, 


By D. G. SAUNDERS. 


Mosr of the conventional photographic colour developers are based on the NN-dialkyl-p- 
phenylenediamine structure. However, the proposal by Wilmanns, Fricke, and Birr} to 
use 2: 5-diaminopyrimidines as “ black-and-white ” developers, encouraged us to think 
that the 5-amino-2-dialkylaminopyrimidines might prove useful as colour developers. 
Previous work in this laboratory had indicated that in order to give oxidation products 
which would couple readily, it was necessary that the 5-amino-2-dialkylaminopyrimidine 
should not be substituted in both the 4- and the 6-position. Since the strong electron- 
attraction of the two ring-nitrogen atoms would be expected to weaken the reducing 
power of the pyrimidine developers compared with that of their benzenoid analogues, the 
introduction of a strongly electron-releasing group in the 4-position would be desirable. 
The preparation of 4-substituted 5-amino-2-dimethylaminopyrimidines 
HN N (I; X «OH, OMe, and NH,) was undertaken. Of these, the triamine 
x we, nme, (I; X = NH,) was known.* 
2-Dimethylamino-4-hydroxypyrimidine ** was nitrated to the 5- 
) nitro-derivative, reduction of which with Raney nickel and hydrogen 
gave the 5-amino-derivative, isolated as the hydrochloride. 2-Dimethy!- 
amino-4-hydroxy-5-nitropyrimidine with phosphorus oxychloride yielded the 4-chioro- 
compound, which with Raney nickel and hydrogen in the presence of excess of tri- 
ethylamine gave crude 5-amino-2-dimethylaminopyrimidine in poor yield. When 
4-chloro-2-dimethylamino-5-nitropyrimidine was refluxed with the exact equivalent of 
sodium methoxide in methanol, 2-dimethylamino-4-methoxy-5-nitropyrimidine was 
obtained. Use of excess of sodium methoxide resulted in a high-melting compound, 
probably 2 : 4-dimethoxy-5-nitropyrimidine. 
Catalytic reduction of 2-dimethylamino-4-methoxy-5-nitropyrimidine, as for the 


' Wilmanns, Fricke, and Birr, U.S.P. 2,139,870. 

* Albert, Brown, and Cheeseman, /., 1051, 474. 

* Davidson and Baudisch, |]. Amer. Chem. Soc., 1926, 48, 2379. 
* Overberger and Kogon, ibid., 1054, 76, 1065. 
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4-hydroxy-compound, gave 5-amino-2-dimethylamino-4-methoxypyrimidine isolated as 
the hydrochloride, 

When 4-chloro-2-dimethylamino-5-nitropyrimidine was shaken with alcoholic ammonia 
overnight it was completely converted into 4-amino-2-dimethylamino-5-nitropyrimidine, 
despite the extremely low solubility of the chloropyrimidine and the product in the medium ; 
the product was reduced to 4: 5-diamino-2-dimethylaminopyrimidine, isolated as the 
hydrochloride. 

All the 5-amino-2-dimethylaminopyrimidines acted as weak colour-developers. 


EXPERIMENTAL 

Experimental,-2-Dimethylamino-4-hydroxypyrimidine was prepared essentially by Over- 
berger and Kogon’s method,‘ but on pouring the reaction mixture into water no solid separated, 
The pH was adjusted to about 5 by adding excess of solid sodium carbonate followed by a few 
drops of acetic acid. The solution was evaporated to dryness and the solids obtained were 
extracted with acetone. The concentrated and cooled acetone solution produced crude 
2-dimethylamino-4-hydroxypyrimidine which was recrystallized from acetone, to give white 
needles, m.p, 173—-175°, in 81% yield. 

2-Dimethylamino-4-hydroxy-5-nitropyrimidine. To fuming nitric acid (8 ¢.c.; d 1-5) and 
concentrated sulphuric acid (8 ¢.c.), cooled in ice, 2-dimethylamino-4-hydroxypyrimidine (10 g.) 
was added, the temperature being kept below 70°. The mixture was then heated on the steam- 
bath for 45 min, (subsequent experiments indicated that heating for 4 br. improved the yield 
by 5—-7%), then poured into water, to give the yellow nitro-derivative which was washed with 
water and dried. It (9 g., 68%) had m. p. 304--311° (Found: C, 39-2; H, 4:3; N, 20-05. 
C,H,O,N, requires C, 39-1; H, 435; N, 304%). 

4-Chlovo-2-dimethylamino-5-nitropyrimidine, 2-Dimethylamino-4-hydroxy-5-nitropyrim - 
idine (12-0 g.) and phosphorus oxychloride (120 c.c.) were refluxed together until hydrogen 
chloride ceased to be evolved, When the solution was cooled the 4-chloro-derivative separated 
as needles and was filtered off. Owing to the greater solubility of the product in phosphoric 
acid than in phosphorus oxychloride, it was almost impossible to obtain a second crop of crystals, 
The mother-liquor was therefore poured on ice, the remainder of the product being instantly 
hydrolysed to the starting material which was precipitated. This was then re-used. In some 
preparations it was necessary to repeat this process several times in order to obtain good yields, 
The crops of 4-chloro-2-dimethylamino-5-nitropyrimidine were combined and extracted (Soxhlet) 
with light petroleum (b. p. 60—80°). Cooling gave the chloro-compound as pale yellow needles 
(7-3 g., 55%), m. p. 143°, which became darker on exposure to light (Found: C, 35-3; H, 3-2; 
N, 27-9; Cl, 17-9. C,H,N,Cl requires C, 35-55; H, 3-5; N, 27-65; Cl, 175%). 2-Dimethyl- 
amino-4-hydroxy-5-nitropyrimidine (1 g.) was recovered. 

2-Dimethylamino-4-methoxy-5-nitropyrimidine. Sodium (115 mg.) was dissolved in methyl 
alcohol (30 c.c.) and 4-chloro-2-dimethylamino-5-nitropyrimidine (1-0 g.) was refluxed in the 
solution overnight. Needles of the methoxypyrimidine were obtained together with a coarse 
solid, The fine crystals were decanted off, and the filtrate was refluxed with the coarse solid, 
more dissolving. Needle-shaped crystals separated from the cooled solution, The process was 
repeated until all the coarse solid had dissolved, ‘The needles, slightly contaminated with salt, 
were extracted (Soxhlet) and recrystallized from acetone as yellow needles, m. p, 178--179°, in 
72%, yield (Found: C, 42-25; H, 45; N, 28-2. C,H,,O,N, requires C, 42-4; H, 5-05; N, 
28-25%). 

A trace of a fine crystal mat of a high-melting solid, m. p. >310°, was obtained from the 
mother-liquors, possibly 2: 4-dimethoxy-5-nitropyrimidine. If excess of sodium methoxide is 
used this becomes the main product, 

4-Amino-2-dimethylamino-5-nitropyrimidine. 4-Chloro-2-dimethylamino-5-nitropyrimidine 
(3-0 g.), when shaken overnight with excess of saturated alcoholic ammonia, slowly dissolved, 
while the 4-amino-derivative was precipitated as pale yellow needles. These (2-5 g., 92%) 
were collected and washed with water to remove ammonium chloride. They had m, p. 214° 
(Found : G, 39-2; H, 4:4; N, 38-0. Cale. for C,H,O,N,: C, 39-35; H, 4-05; N, 38-25%). 

5- Amino-2-dimethylamino-4-hydroxypyrimidine dihydrochloride, 2-Dimethylamino-4- 
hydroxy-5-nitropyrimidine (10-0 g.), suspended in ethanol (300 c.c.) together with Raney nickel 
in a hydrogenating bomb, was shaken for 3 hr. under hydrogen at 50-—60°/10 atm. The solution 
was filtered hot through kieselguhr into a flask containing excess of alcohol saturated with 
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hydrogen chloride. A faintly pink solid was precipitated and was filtered off and washed with 
a little alcohol, The dihydrochloride (11-2 g., 88-56%) had m. p. >310° (Found: C, 30-0; H, 6-1; 
N, 23-2; Cl, 28-6. CsH yyON,,2HCI,H,O requires C, 20-4; H, 5-75; N, 22-85; Cl, 28-95%) 

5-Amino-2-dimethylamincpyrimidine hydrochloride. 4-Chloro-2-dimethylamino-5-nitropyrim- 
idine (4-0 g.) was hydrogenated and isolated as above in the presence of triethylamine (6-3 c.c.). 
A pink powder was obtained (0-5 g.) which acted as a colour-developer in alkaline solution. 
The analysis, however, was unsatisfactory. 

5-Amino-2-dimethylamino-4-methoxy pyrimidine dihydrochloride dihydrate, 2-Dimethylamino- 
4-methoxy-5-nitropyrimidine (3-0 g.) was reduced as was the 4-hydroxy-compound, Concen- 
tration of the solution under reduced pressure gave a pale orange powder (2-8 g., 67%), m. p. 

» 300°, of the diamine dihydrochloride dihydrate (Found: C, 30-85; H, 6-55; N, 20-6; Cl, 24-9. 
C,H yON,,2HC1,2H,0 requires C, 30-35; H, 6-55; N, 20-2; Cl, 256%). 

4: 6-Diamino-2-dimethylaminopyrimidine dihydrochloride, 4-Amino-2-dimethylamino-5- 
nitropyrimidine (4-5 g.) was hydrogenated in the same manner as 2-dimethylamino-4-hydroxy- 
5-nitropyrimidine, When the solution was filtered into alcoholic hydrogen chloride a white 
precipitate of dihydrochloride was formed (m. p. 260°; 4-4 g., 88%) (Found: C, 32-3; H, 6-2; 
Cl, 31-4. Cale, for C,H,,N,,2HCI: C, 31-85; H, 5-8; Cl, 31-35%). 


Analyses were by Mr. C. B, Dennis of these Laboratories, 
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623. Synthesis of all-trans-, 2-cis-(or neo-), and 
6-cis-[2-“C] Vitamin A. 


By C. F. GARBrrs. 


Tue Arens and van Dorp synthesis of vitamin A acid * has often been improved.43 The 
Cy, ketone (1) used in our work was prepared from trans-C,, ketone semicarbazone by mild 
acid hydrolysis, was chromatographed and distilled in a high vacuum, and then gave a 
semicarbazone of m. p, 185—186° in over 90% yield,‘ and was therefore assigned the 
all-rans-configuration. The ketone was condensed with methyl bromo{2-™C)acetate to 
give the labelled ester (II). Iodine, phosphorus oxychloride, and toluene-p-sulphonic acid 
were tried as dehydrating agents in preliminary experiments, and the last was found most 
suitable on a small scale. The mixed vitamin A acid methyl esters (ILI) produced were 
purified and converted into the acids ([V), which were fractionally crystallised. Three 


“aa (I) RCOMe ——m HO-CRMe-CH,-CO.Me (I) 


CHUCH CMe:CH-CH:CH- | 
Me 


(IV) ReCMeiCH-CO,H ~<— R-CMe'CH-CO,Me (Ti) 
Me Me 


/ 


A 
(‘e CH:CH:CMe-CH:CH-CH:CMe-CH,-CO,Me 
sie (Vv) 


labelled geometric isomers of vitamin A acid were isolated. Isomerisations leading to the 
formation of these isomers must have occurred during the condensation and/or dehydration 
step, it being noted that both iodine and acids have been employed to effect cis-trans- 
isomerisations of polyenes.® Alternatively, it is possible that the C,, hydroxy-ester (IT) is 


' Arens and van Dorp, Nature, 1046, 157, 190; Rec. Trav. chim., 1946, 65, 338. 

* Schwarzkopf, Cahnmann, Lewis, Swidinsky, and Wiest, Helv. Chim, Acta, 1949, 32, 443. 
* Inhoffen, BDohlmann, and Bohlmann, Annalen, 1050, 568, 47. 

* Inhoffen, Bohlmann, and Bartram, Annalen, 1949, §61, 13. 

* Zechmeister, Chem. Rev., 1944, 94, 267. 
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dehydrated to retrovitamin A acid methyl ester (V) which then becomes catalytically 
isomerised to a cis-trans-mixture of vitamin A acid esters.** ? 

Recently Robeson et al.* have reported the synthesis of four isomeric vitamin A acids. 
This has enabled us to identify the three isomers as the all-trans-, the 2-cis- (or neo-), and 
the 6-cis-form severally. The only cis-isomer of vitamin A acid obtained from the Arens 
and van Dorp synthesis * was not found in our dehydration product. 

The yield of pure [2-“C}vitamin A acid isomers (radioactivity : 1-07 mc/mmole) was 
20% based on the methyl bromof2-“Cjacetate used. The synthesis of all-trans- 
([2-4C)\vitamin A acid (radioactivity : 0-314 mc/mmole) in a yield of 8-7% has already 
been reported.® 

Reduction of the three radioactive vitamin A esters gave the corresponding 
{2-4C\vitamin A alcohols. It is believed that no cis—trans-isomerisation occurred during 
the esterification and reduction because the absorption maxima of the three alcohols were 
the same as those recorded.® 


Expevimental,—All experiments were carried out in a nitrogen atmosphere, Ultraviolet 
absorption spectra were determined in 96% EtOH on the Unicam S.P. 500 spectrophotometer. 

©,, Ketone (1). This ketone (2-8 g.; kindly supplied by Messrs, Hoffmann-La Roche Ltd., 
Basle) was prepared from trans-C,, ketone semicarbazone by hydrolysis* and purified by 
chromatography on alumina and distillation in a high vacuum. Light absorption: Ags 
346 my, £}%, = 1100 (reported ; * 346 my, 1200). 

Cyo Hydroxy-(2-“C jester (11), To a mixture of activated zinc (0-155 g.), Cy, ketone (0-46 g.), 
and benzene (5 ml.) was added a solution of methyl bromo[2-“Cjacetate (0-256 g., containing 
2 mc of radioactivity from The Radiochemical Centre, Amersham; activity 1-56 mc/mmole), 
in benzene (7-5 ml), under a Liebig condenser through which hot water was circulated. The 
mixture was magnetically stirred, and heated, benzene (3-2 ml.) being slowly distilled off. The 
reaction started during the distillation, and cold water was then circulated through the 
condenser. The mixture was refluxed for a further 4 hr., and worked up in the usual way 
[yield 0-580 g.; Amex 290 my, E}%, = 850 (reported for the ethyl ester, 289 my,” 648; 291 my,* 
810; 290 mu,* 872)|. 

(2-4C) Vitamin A acid methyl ester (III), Toluene-p-sulphonic acid monohydrate (0-0027 g.) 
was dehydrated by melting ina vacuum, The residue was cooled and dissolved in dry benzene 
(2 ml.), the mixture heated to boiling, and the labelled hydroxy-ester (II) (0-580 g.) in dry 
benzene (3-8 ml.) added. The solution was boiled for 5 hr., cooled, washed with water, dried, 
and taken to dryness. The residue was chromatographed in hexane on neutral alumina (20 g. ; 
Merck), and elution effected by gradually increasing the benzene concentration in the hexane, 
The eluate was observed spectrophotometrically and corresponding fractions were combined to 
yield {2-“C)vitamin A acid methyl esters (0-260 g.) and [2-“Cjretrovitamin A acid methyl ester 
(V) (0-038 ¢.). The latter was again treated with toluene-p-sulphonic acid (0-5 mg. in 2 ml. of 
benzene), and the vitamin A acid ester produced separated by chromatography,’ The total 
yield was 274 mg., and A,4, 353 mp, E}%, 1110. 

Geometric isomers of (2-4C)|vitamin A acid (IV). The esters ({I]) were heated with methanolic 
potassium hydroxide for 2 hr. Hydrolysed material was separated, and the crude acids (IV) 
taken up in ether, The ether solution was washed and evaporated, The crystalline residue 
was dried in a vacuum and recrystallised from ether under pressure at 100°, The all-trans- 
isomer crystallised first (51-2 mg.), m. p, 175—-178-5°. 

The mother-liquor was concentrated to yield a mixture (80 mg.) of various geometric 
isomers resolved by repeated fractional recrystallisation from ether and mechanical separation 
of the different crystal forms into all-trans-, 2-cis-, and 6-cis-[2-“C)vitamin A acid, These 
results can be summarised thus: (a) All-trans (59-8 mg.), yellow needles, m. p. 175-~178-6" 
(Found: C, 797; H, 90. Cale. for CyH,,O,: C, 80-0; H, 94%), Amey 351 mp, BPS, 1440; 
(b) 2-cis-(or neo) (32 mg.), orange-red crystals, m. p. 174—~176° (Found: C, 79-8; H, 96%), 
max, 352-5 my, £}%, 1350; (c) 6-cis (10 mg.), almost white needles, m. p. 186--188° (Found : 
C, 79-75; H, 95%), Amex, 346 my, B}%, 1260. 

* Robeson, Cawley, Weisler, Stern, Eddinger, and Chechak, J. Amer. Chem. Soc., 1956, 77, 4111. 

’ BLP, 650,302 

* Wolf, Johnson, and Kahn, 2nd Radioisotope Conference, Oxford, 1964 

* Baxter, Fortschr. Chem. organ, Naturstoffe, 1952, 9, 41 

” Wendler, Slates, Trenner, and Tishler, ]. Amer. Chem. Soc., 1961, 78, 719. 
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[2-“C)| Vitamin A alcohol isomers. The following operations were all carried out in the dark 
room: Vitamin A acid (10 mg.) was esterified as described by Schwarzkopf et al.* A 0-35m- 
solution of lithium aluminium hydride (6 ml.) was added to this ester in ether (2 ml.) at — 80°. 
After } hr. the temperature was raised and kept at —40° for 1 hr. Excess of hydride was 
destroyed with ethyl acetate, and the ethereal solution washed successively with aqueous 
potassium hydroxide and water. Tocopherol (0-5 mg.) was added, and the solution filtered 
through a short column of anhydrous sodium sulphate, and evaporated. The ultraviolet 
spectrum of the residue was determined and a correction for the tocopherol content made. By 
reduction of the corresponding acids (IV) the following alcohols were obtained: All-irans, 
ax, 325°5 my, EY%, 15680; neo, dey 328 my, E1%. 1475; 6-cis, X44, 323 my, EY%, 1350. 


This paper is published with the permission of the South African Council for Scientific and 
Industrial Research. The author thanks Professor J. Gillman and Dr. D. A. Sutton for 
suggesting the problem and for many helpful discussions, Dr. M. Peisach for radioactivity 
determinations, and Miss Hughes who carried out the elementary analysis. 
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624. 8-Mercaptoquinoline. 
By G, M. Bapcer and R. G. Butrery. 


AttrnouGcu 8-hydroxyquinoline forms colourless crystals, Edinger * has described 8-mer- 
captoquinoline as a violet liquid which forms a bright red dihydrate. We have prepared 
8-mercaptoquinoline by Edinger’s method but with great care to purify the intermediate 
quinoline-8-sulphonyl chloride and eliminate all of the 5-isomer. Reduction with stannous 
chloride gave a tin complex which was benzoylated to give 8-benzoylthioquinoline. On 
hydrolysis this gave 8-mercaptoquinoline. In a second and new synthesis, the pure 
8-sulphonyl chloride was reduced with stannous chloride and the resulting tin complex 
oxidised with iodine to give di-8-quinolyl disulphide, which was reduced to 8-mercapto- 
quinoline with glucose, In each case the product was obtained as a bright red dihydrate 
and the anhydrous material was a pale violet liquid. 

Edinger’s observations have therefore been confirmed. In absolute ethanol the 
ultraviolet spectrum (see Figure) of 8-mercaptoquinoline is very similar to that of 
8-hydroxyquinoline,* but there is a low-intensity (Q) band in the visible region (Amax, 5000 A), 
which is absent from the spectrum of 8-hydroxyquinoline and is responsible for the red- 
violet colour of the solution, In 50% aqueous ethanol, the intensity of the Q band is 
increased ten times; but the maximum is shifted 300 A hypsochromically, and the solution 
is therefore red. 8-Mercaptoquinoline also forms a red solution in acetic acid, but it gives 
colourless solutions in hexane, nitrobenzene, and in “ absolute "’ chloroform. In chloro- 
form containing ethanol it forms a red-violet solution at room temperature, but at the 
boiling point this becomes almost colourless. It seems that pronounced absorption in the 
visible region may be associated with the formation of some sort of complex between the 
mercaptoquinoline and a compound ROH. When K =H the complex is reasonably 
stable and the dihydrate can be isolated. In chloroform containing ethanol, however, 
the complex dissociates when heated. 

The spectra of some related compounds have also been examined for the presence of a 
© band. In aqueous ethanol, l-mercaptonaphthalene gave the expected ultraviolet 
absorption curve, with a maximum at 2980 A (log ¢ 3-78), and it showed no absorption in 
the visible region. An aqueous-ethanolic solution of di-8-quinoly! disulphide was also 


' Edinger, Ber., 1908, 41, 937. 
* Ewing and Steck, J. Amer. Chem. Soc., 1946, 68, 2181. 
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transparent in the visible region, as was that of m-nitrobenzenethiol. On the other hand 
8-benzoylthioquinoline resembled the parent 8-mercaptoquinoline to some extent : in 50% 
ethanol its absorption curve showed maxima at 2280 (log « 4-46) and 2780 A (log « 4-03), 
and it also gave an absorption band at 4680 A (log ¢ 2-16); in absolute alcohol, however, it 
showed no Q band: its ultraviolet absorption was similar [Amax, 2280 (log ¢ 4-49), 2820 


Absorption curves of 8-mercapto- 
quinoline in absolute alcohol 
(——) and in 50% aqueous 
alcohol (- +++), 


, , 4 . i a 
2000 J000 4000 5000 6000 


Wavelength (hk) 


(log ¢ 4-01)) but it showed no absorption in the visible region. The results in aqueous 
ethanol appear to prove that a C:C-C:S chromophore cannot be involved in the formation of 
the © band. 


Experimental.—Di-8-quinolyl disulphide. Quinoline was sulphonated and the resulting 
quinoline-8-sulphonic acid washed very thoroughly with water to remove the 5-isomer. 
Quinoline-8-sulphonyl chloride was then prepared by Edinger’s method! and purified by 
repeated crystallisation from light petroleum until its m. p. was sharp and constant at 128-5-— 
129° (Edinger ! gives m. p. 122°; McCasland * gives 124—-126°). The pure chloride was reduced 
with stannous chloride to give the tin complex (Edinger ') which was then oxidised as follows 
by the method used by Riegel et al.4 to prepare di-(4-chloro-8-quinoly!) disulphide. 

Iodine (5 g.) was added with stirring to a solution of sodium hydroxide (30 g.) in water 
(250 c.c.) at 0°. When dissolution was complete the tin complex (50 g.) was added, with stirring, 
during 15 min., at 0°. After a further hour the yellow solid was collected, dissolved in 
6n-hydrochloric acid, heated on the steam-bath, and treated with activated charcoal. The 
resulting solution was basified with ammonia, and the colourless product collected. The 
disulphide separated from light petroleum as colourless needles, m, p. 205--206° (Edinger! 
gives m. p. 206°). 

8-Mercaptoquinoline. (i) This was prepared by Edinger’s method! with the modification 
described above. 8-Mercaptoquinoline dihydrate was obtained as bright red needles, which, 
dried in a vacuum (without a desiccating agent), had m. p. 58-—-59°, in agreement with Edinger’s 
report... When the hydrate was dried in a vacuum over sodium hydroxide, anhydrous 8-mer- 
captoquinoline was obtained as a pale violet liquid. Both materials were oxidised to the 
disulphide in air in a few days. 

(ii) Sodium hydroxide (1 g.) in water (10 c.c.) and glucose (1 g.) in water (10 c.c.) were added 
to a suspension of the disulphide (0-5 g.) in methanol (50 c¢.c.). Nitrogen was bubbled through 
the refluxing mixture for 3 hr. After cooling, water (50 c.c.) was added and the methanol 
distilled off under nitrogen. The mixture was then rapidly filtered (under nitrogen), and carbon 
dioxide bubbled through the solution. The resulting red 8-mercaptoquinoline dihydrate 
had m. p. 58-—59°. 


UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA. Received, March 7th, 1966.) 


* McCasland, |. Org, Chem., 1946, 11, 277. 
* Riegel, Lappin, Albisetti, Adelson, Dodson, Ginger, and Baker, /. Amer. Chem. Soc., 1946, 68, 1220. 
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625. Derivatives of Buta-\ : 3-diene-2-carboxylic Acid. 
By E. A, Braupe and E. A, Evans, 


No synthetic derivatives of the 2-carboxybuta-l : 3-diene system ~CH=CH-C(CO,H)=CH- 
appear to be known and doubt has recently been thrown on the postulated presence of this 
system in certain natural products.! Previous work * has shown that reactions designed 
to yield 2-carboxypenta-l ; 3-diene derivatives —CH,*CH=CH-C(CO,H)=CH-— afford, 
instead, the 2-carboxypenta-2 ; 4-diene isomers, -CH=CH-CH=C(CO,H)-CH,-, indicating 
that the cross-conjugated system rearranges with great ease to the electronically stabler 
straight-conjugated one and that the 2-carboxybuta-l ; 3-diene system is unlikely to 
survive unless such a migration is structurally precluded. We therefore attempted to 
synthesise the parent compound, buta-1 ; 3-diene-2-carboxylic acid (I; R = H), as well 
as two of its homologues (I; R = Me and Pr’) in which the desired system would be 
retained even if a 1 : 5-prototropic shift occurred. 


H H 
CH,=CH:C=CHR CH,=CH-CO-CH,R CH,=CH-C-CH,R CH,=CH-C-CH,R 
1) CO (11) (11) ¢N (IV) CO,Me 


Treatment of methyl vinyl ketone with anhydrous hydrogen cyanide gave the cyano- 
hydrin (111; R =H) which was hydrolysed by concentrated hydrochloric acid to the 
hydroxy-acid and then converted into the corresponding methyl ester (IV; R = H) with 
diazomethane. The ester was recovered unchanged after prolonged heating under reflux 
with naphthalene-2-sulphonic acid, and the homologue (IV; R = Me) obtained from ethy! 
vinyl ketone (Il; R = Me) similarly resisted dehydration by naphthalene-2-sulphonic 
acid, phosphorus oxychloride in pyridine, or even pyrolysis at 400°, Pyrolysis of the 
acetyl derivative of (IV; R = H) at 500°, however, resulted in the elimination of acetic 
acid, Hydrolysis of the product afforded, not the desired acid (1; R = H), but a dimer, 
m, p. 228°, containing two ethylenic bonds (microhydrogenation), This dimer appears to 
be identical with that first isolated by Reppe* and subsequently by Yakubovich and 
Volkova * by reaction of nickel carbonyl with vinylacetylene. Reppe did not record the 
physical properties of his dimer, to which he assigned the structure (V), The Russian 
workers gave m. p, 236° and prepared a dimethyl ester, the physical properties of which 
agree closely with those observed here; they showed that treatment with sulphuric acid 
at 130° gives p-ethylbenzoic acid and preferred structure (VI). The physical properties 


CO,H 
C=ChH, 


CO;H 


CH =CH, 
HOC 


(V}) 


of our product are in good agreement with those expected ® for (VI); the ultraviolet 
absorption (Amex, 2150 A, ¢ 11,000) indicates the presence of one conjugated C=C-CO,H 
grouping, while the infrared absorption of the ester indicates the presence of a conjugated 
C=C~ (vous, 1653 em.) as well as of a ~-CH*CH, (vinx. 1638, 996, and 926 cm.~}) group. 
rhe frequencies associated with C-H bending in the vinyl group are higher than usual ; 


* Braude in “ Progress in Organic Chemistry " (J. W. Cook, Ed.), Chapter 4, Vol. III, Butterworths 
Scientific Publications, London, 1955 

* Braude and Evans, /., 1954, 607; 1955, 3324 

* Reppe, “ Acetylene Chemistry,’’ Mayer, New York, 1949; Annalen, 1953, 582, 1. 

* Yakubovich and Volkova, Doklady Akad. Nauk U.S.S.R., 1952, 84, 1183; Chem. Abs., 1953, 
47, 3278 

* Cf. raude and Coles, J., 1960, 2014; Braude and Evans, /., 1955, 3331. 
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similar shifts are also found in the acid (IV; R = H) and its ester (IV; R = Me) and have 
been noted * in other systems of the type R,C*CH=CH,,. 

The dimer (V1) is evidently a Diels-Alder self-adduct of the acid (I; R =H). Analo- 
gous dimers have been obtained 7 on carboxylation of pent-3-en-l-yne and ethynyleyelo- 
hexene, and it is of interest that 2-cyanobuta-1 : 3-diene also undergoes ** dimerisation 
with great ease to the dinitrile (VII) which has been hydrolysed to a diacid, m. p. 236°, 
almost certainly identical with that obtained above.* It thus appears that buta-1 : 3- 
diene-2-carboxylic acid and its derivatives possess an exceptional tendency to undergo 
diene addition, which represents a further limitation to the structural and environmental 
conditions under which such systems are likely to exist. 


Experimental._-Methyl 2-hydroxy-2-methylbut-3-enoate (IV; R = H). Anhydrous methyl 
vinyl ketone (90 g.; obtained by keeping an aqueous commercial product with excess of 
acetic anhydride for 3 days followed by fractionation), hydrogen cyanide (60 ml,), potassium 
hydroxide (4 g.), and sodium cyanide (3 g.) were kept overnight at 510°, The mixture was 
acidified with phosphoric acid, dried (Na,SO,), and fractionated, giving the cyanohydrin (36 g.), 
b. p. 72—74°/10 mm., ni* 1-4248. Very little cyanohydrin was obtained under the conditions 
described by Leupold and Vollmann ™ who give b. p. 140°/760 mm., ni?* 1-4264, 

The cyanohydrin (34 g.) was heated at 90° with concentrated hydrochloric acid (100 ml.) 
for 40 min., then diluted with water (250 ml.) and o.tracted with ether. The ether extract was 
dried (Na,SO,) and an excess of a diazomethane in ether was added at 0°. Fractionation of 
the product gave methyl 2-hydroxy-2-methylbut--cnoate (23 g.), b. p. 53—54°/8 mm., ni} 1-4348 
(Found; C, 55:1; H, 7-9. CHO, requires C, 55.4; H, 78%). Infrared light absorption 
(liquid film); strong bands at 3509 (O~H stretching), 1736 (CO,Me), 1642 (CH=CH, stretching), 
992, 978, and 934 (C-H bending in CH=CH,) cm... The ester showed no absorption with 
e > 100 in the ultraviolet (2000—4000 A). 

The ester (2 g.) was refluxed with naphthalene-2-sulphonic acid (50 mg.) for 2 hr. On 
fractionation, most of the ester (85%), b. p. 155--156°/550 mm., n@} 1-4362, was recovered. 

Dimer of buta-1 : 3-diene-2-carboxylic acid. The foregoing ester was acetylated with acetyl 
chloride in benzene~pyridine,” and the crude acetate (4 g.), b. p. 71-—-72°/8 mm., was passed 
during 10 min, in a stream of nitrogen through a 6-inch column packed with glass helices and 
heated electrically at 500°. The products were collected in a trap cooled in methanol-solid 
carbon dioxide and were then refluxed with 12%, aqueous potassium hydroxide (20 ml.) and 
methanol (10 ml.). The solution was diluted with water, acidified with concentrated hydro- 
chloric acid at 0°, and extracted with ether. The solvent was removed and the solid residue 
was sublimed at 10 mm., giving (i) at 90° (bath-temp.), a solid (3 mg.), m. p. 48-——49°, which 
showed no absorption with « > 100 at 2000—4000 A, and (ii) at 160° (bath-temp.), the dimer 
(0-9 g.), m. p, 222—223°, which after re-sublimation, crystallised from acetone—light petroleum 
(b. p. 100—-120°) in plates, m. p, 228° [Found: C, 60-4; H, 65%; M (in camphor), 240; 
equiv. (KOH), 109; hydrogenation number (PtO,~AcOH), 121. Cale, for CygHy,O,: C, 61-2; 
H, 62%; M, 196).¢ Ultraviolet light absorption (in EtOH): 2,.. 2160 A fe 11,000). 
Infrared absorption (paraffin mull); maxima at 1684 (CO,H) and 1640 cm. (C=C stretching). 
Treatment with ethereal diazomethane gave the dimethyl ester, b. p. 106—108°/0-1 mm., n? 
1-4918 (Found: C, 64-5; H, 7-3. Calc. for C\,H,,0O,: C, 643; H, 72%). Yakubovich and 
Volkova * give b. p. 120°/1 mm., n? 1-4901, Infrared light absorption (liquid film): maxima 
at 1723 (CO,Me), 1653 (conjugated C=C), 1638 (CH=CH,), 996 and 926 cm, (CH=CH,). 


* It seems probable that (VI) is also the structure of the diacid, m. p. 234°, obtained by Pummerer '¢ 
by the oxidation of a dialdehyde C,,H afte Seemed in the reaction of crotonaldehyde with formaldehyde. 


This dialdehyde may be the dimer of rmylbuta-I ; 3-diene, the latter being formed by addition of 
formaldehyde to the double bond of crotonaldehyde, followed by dehydration. 

+t High values of the molecular weight as determined by the Kast method appear to be common for 
dicarboxylic acids; thus the ratios of My,/M.. were: dimer, 1-22; diphenic acid, 1-19; phthalic 
acid, 1:17; succinic acid, 1-38; adipic acid, 1-51; benzoic acid (for comparison), 1-05. 


* Davison and Bates, J., 1953, 2607, 
7 — Shen, and Whiting, /., 1961, 763. 

arvel and Brace, j. Amer. Chem. Soc., 1948, 70, 1775. 
* Price, Cypher, and Krishnamurti, ibid,, 1962, 74, 2087 
 Pummerer, G.P. 821,204; Chem. Abs., 1954, 48, 12,171. 
'! Leupold and Vollmann, U.S.P. 2,166,600. 
1 Cf. Mills, J., 1961, 2332. 
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Methyl 2-ethyl-2-hydroxybut-3-enoate (IV; R = Me). Ethyl vinyl ketone, b. p. 102°/740 
mm., "? 14192, was prepared in 22% yield from ethylene and propionyl chloride.* The 
ketone (15 g.), benzene (560 ml), anhydrous hydrogen cyanide (12 ml.), and potassium cyanide 
(0-3 g.) were kept for 3 hr, at 0° with frequent shaking. The mixture was acidified with syrupy 
phosphoric acid, and the benzene layer was immediately decanted and dried (Na,SO,). Solvent 
and unchanged ketone were removed under reduced pressure and the residue was refluxed for 
45 min. with concentrated hydrochloric acid (30 ml.). The solution was diluted with water 
and extracted with ether. The ethereal solution was extracted with 2n-sodium hydroxide, 
and the alkaline solution was acidified at 0° with concentrated hydrochloric acid and extracted 
with ether. The solvent was evaporated and the residue was crystallised from pentane at 

60° to give 2-etryl-2-hydroxybut-3-enoic acid (0-6 g.), m. p. 56—57° (Found : C, 55-5; H, 7-9% ; 
M (in camphor), 161, C,H, O, requires C, 55-4; H, 7-8%; M, 130). Infrared light absorption 
(paraffin mull) ; strong bands at 3356 (OH), 2577, 1730 (CO,H), 1645 (C=C), 1426, 1004, 995, 983, 
946 (CH®=CH,), and 916 cm.~ (hydrogen-bonded acid dimer). 

The acid with diazomethane in ether at 0° gave the methyl ester, b. p. 56°/10 mm., nif 1-4358 
(Found: C, 682; H, 87. C,H yO, requires C, 58-3; H, 84%). Infrared light absorption 
(liquid film) ; strong bands at 3472 (OH), 1862, 1733 (CO,Me), 1034, 991 and 930cm."* (CH=CH,). 
Most of the ester was recovered unchanged after distillation from naphthalene-2-sulphonic acid, 
refluxing with phosphorus oxychloride in pyridine, and pyrolysis over glass helices at 400°. 

2-H ydroxy-4-methylpentan-3-one, Lactonitrile (40 g.) in ether (100 ml.) was added dropwise 
to isopropylmagnesium bromide (from Mg, 3-3 g., and isopropyl bromide, 173 g.) in ether 
(600 ml.). The mixture was stirred for 36 hr. at room temperature, 6N-hydrochloric acid 
(600 ml.) was added, and stirring was continued for a further 6 hr. The ether layer was 
separated, dried (Na,SO,-K,CO,), and distilled, giving 2-hydroxy-4-methylpentan-3-one (38 g., 
58%), b. p. 61-—63°/11 mm., ni} 1-4208 (Found; C, 62-0; H, 10-6. C,H ,O, requires C, 62-0; 
H, 104%). The 2: 4-dinitrophenylhydrazone crystallised from aqueous methanol as orange 
needles, m. p. 151-152", Awe» 3680 A (e 21,000 in CHCI,) (Found: C, 48-6; H, 5-6; N, 19-0 
C yg gO N, requires C, 48-6; H, 6-4; N, 189%). The semicarbazone crystallised slowly from 
water at 2° and had m. p, 208°, ,,., 2260 A (e 11,000 in EtOH) (Found: C, 48-7; H, 85; 
N, 24-6. C,H,,O,N, requires C, 48-5; H, 87; N, 24:3%). 

3-Cyano-4-methylpentane-2 : 3-diol, The foregoing ketone (20 g.), anhydrous hydrogen 
cyanide (20 ml.), potassium cyanide (1 g.), and a few drops of triethylamine were kept overnight 
at 0°. The mixture was rendered just acid with sulphuric acid and distilled, giving the cyano- 
hydrin (14 g., 57%), b. p. 60-68" (bath-temp.)/10~¢ mm., n? 1-4554 (Found: C, 58-9; H, 93; 
N, 98. C,H,O,N requires C, 58-7; H, 9-2; N, 98%). It showed no absorption with e > 100 
at 20004000 A. 

Attempted dehydration of the cyanohydrin with phosphorus oxychloride in pyridine gave 
only intractable tar. 


DerartTmMEeNnt or Cuemistry, Imperial CoLLece or ScrENCE AND TECHNOLOGY, 
Soutn Kensincton, Lonpon, S.W.7. (Received, March 14th, 1956.} 
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626. Hydrolysis of Aryl Sulphonates, Part I1.* Kinetic Form 
of Hydrolysis. 
By C. A. Bunton and V. A. WELcuH. 
In Part I of this series it was shown that the sulphur-oxygen bond was broken in the 
alkaline hydrolysis of phenyl toluene-p-sulphonate. This observation has now been 
extended to the hydrolysis of phenyl methanesulphonate, which, when carried out in 
aqueous 70°, dioxan containing isotopically enriched water, gave phenol with a normal 
isotopic abundance of oxygen : 
Me’SO,!-OPh + “OH —— Me’SO,"O~ + PhOH 

The rates of alkaline hydrolysis of both esters were measured at various temperatures 

(see Table), and the slow neutral hydrolysis was followed at 99-5°. The small difference 
* Part I, J., 1961, 1872. 
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between the hydrolysis rates of the two esters shows that a phenyl group attached to the 
sulphur atom of a sulphonate has little effect on the rate of nucleophilic attack on this 
atom. In the corresponding carbon system, ¢.g., in carboxylic acid derivatives, the 
derivatives of the aromatic acids are hydrolysed more slowly than their aliphatic counter- 
parts.! This is because the conjugation between the benzene ring and the carbonyl 
group reduces the susceptibility to nucleophilic attack. This conjugation appears to be 
absent in some aromatic sulphur compounds.* The replacement of the phenoxide by the 
hydroxide group may be synchronous, or may involve prior addition to the sulphur atom ® 
—our results do not differentiate between these possibilities. 

The variation of second-order rate constants with absolute temperature follows the 
equations: for phenyl methanesulphonate, k, = 3-6 x 10%e~ RT mole? |. min.!; 
and for phenyl toluene-p-sulphonate, 4, == 5°5 x 10'e" SN/BF mole" |. min."*. These 
values of the Arrhenius activation energies for bimolecular attack on a sulphur atom are 
not very different from those observed in hydrolysis of some alkyl sulphonates by the 
Sy mechanisms,‘ despite the different positions of bond fission in the two systems. 


Hydrolysis in aqueous dioxan. 
Phenyl methanesulphonate. 
Temp y 2-9° 44-6 25-0 99-5" 
10%%, (mole~! 1. min.~*) rf 7-10 2! 10°, (min.“') 1-30 f 
Phenyl toluene-p-sulphonate. 
Temp “5° 20" 72-9° 
108k, (mole 1, min.~*) it 26-7 4 


* Mean of 4 values, f{ Initially neutral. { Mean of 4 values. { Mean of 2 values, 

L:xperimental.Preparation of materials, The esters were prepared from phenol and the 
appropriate sulphonyl chloride. Phenyl methanesulphonate, recrystallised from methanol, 
had m. p. 61--62°, and phenyl toluene-p-sulphonate, recrystallised from aqueous ethanol, had 
m. p. 94-5—95-5", 

The experiments were carried out in aqueous dioxan (3: 7 by volume), made up with dried, 
purified dioxan, Tracer experiments were carried out with the water enriched in “O, The 
isolated phenol was purified by distillation and dried over phosphoric oxide, It was pyrolysed 
on a hot carbon tube in vacuo, and the resultant carbon monoxide analysed mass-spectro- 
metrically. 

Kinetic measurements. Runs were carried out in sealed tubes (with the exception of the run 
at 25°), and the hydroxide ion determined by addition of excess of acid and back-titration with 
alkali, under nitrogen, with methyl-red as indicator. Because of the attack of alkali on the 
glass, and the partial conversion of hydroxide into phenoxide ion during the reaction, only the 
first part of the reaction was followed. The rate constants were determined graphically by 
using the integrated rate equation kgf(a — b) = log, b(a — *)/{a(b — *)), where a and b are the 
initial concentrations of hydroxide ion and ester respectively, and a — * and b — # are their 
concentrations at time ¢t, The initial concentrations of hydroxide ion were varied between 0-0580 
and 0-100m, and of ester between 0-0160 and 0-0410m. The results of a kinetic run on phenyl 
methanesulphonate are ; 


Temp. 72-9°, (OH~] = 0-0596m, (Ester) = 0-0351m. 
Time (min.) 30 45 60 16 92 1i4 
Reaction (%,) , 15-1 20-85 22-5 30-2 345 35-4 
log (a «)[(b — x) 0-244 0-262 0-275 0-280 0-304 0-316 0-331 
0-247 0-260 0-274 0-286 0-300 0-316 0-334 
* Calc, for 10%, = 835 mole 1, min 


Our rate of hydrolysis of phenyl methanesulphonate at 25° is qualitatively similar to that 
observed for hydrolysis of this ester in alkaline aqueous acetone.* 


Hammett, “ Physical Organic nay cog McGraw-Hill, New York, 1940, p. 212, 


! 

* Koch and Moffitt, Trans, Faraday Soc., 1951, 47, 7 

* Cf. Bender, J]. Amer. Chem. Soc., 1951, 78, 1626 

* Robertson, Canad, ]. Chem., 1963, $1, 589. 

* Helferich and Papalanbrou, Annalen, 1942, $61, 235 
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The authors are indebted to Professors FE. D, Hughes, F.R.S., and C. K. Ingold, F.R.S., for 
their interest and to Dr. D, R. Llewellyn for a generous supply of enriched water. 


WILLIAM RAMSAY AND RALPH ForstER LABORATORIES, 
University Cotrece, Gower Sr., Lonpon, W.C.1 [Received, March 14th, 1956.) 


627. The Reaction of 3: 4-Dihydro-4-oxobenzo-1 : 2: 3-triazine with 
Phosphorus Pentachloride and Phosphorus Oxychloride. 


By D. Buckiey and M. S. Gipson. 


Tne action of nitrous acid on o-aminobenzamide has been shown to give 3 : 4-dihydro-4- 
oxobenzo-l ; 2: 3-triazine (1) (Ring Index No. 933). In comparing the structure (I) with 
those of the quinolones and quinazolones, Finger } speculated on the possibility of preparing 


° 
i 


4-chlorobenzo-1 ; 2; $-triazine (Il) from it by reaction with phosphorus pentachloride. 
The conversion of the amide (1) into o-chlorobenzoic acid and nitrogen by hydrochloric acid 
(and related reactions), however, renders Finger’s comparison somewhat misleading. 
Further, the lability of the chlorine atom to be expected in a substance (II) suggested that 
the reaction mentioned by Finger would rather yield o-chlorobenzonitrile, the mechanism 
resembling, formally at least, that of the decomposition of o-cyanobenzenediazonium 
chloride to o-chlorobenzonitrile in hydrochloric acid; the product is, in fact, o-chloro- 
benzonitrile. 

It may be noted that the colour reaction reported for the compound (I) by Bamberger 
and Goldberger ® may be considered as a hydrolytic fission of the heterocyclic ring followed 
by coupling of the resulting diazonium ion with «-naphthylamine to give an azo-dye. 


E-xperimental.3 : 4-Dihydro-4-oxobenzo-1 : 2: 3-triazine formed needles (from ethanol), 
m, p, 212 213° (deeomp.), as stated by Finger. The ultraviolet absorption spectrum of an 
ethanolic solution showed peaks at 2230 (e 1910) and 2780 A (e 590). The infrared absorption 
spectrum of a mull in Nujol showed bands at 1685 (C=O) and 3077 cm. (N-H); no hydroxyl 
absorption was evident, and a ferric chloride colour test was negative. The triazine gave a 
golden-brown colour when warmed with acetic anhydride containing a trace of concentrated 
sulphuric acid 

o-Chlorvobenzonitrile, The triazine (0-73 g.), phosphorus pentachloride (2 g.), and phosphorus 
oxychloride (10 c.c.) were heated under reflux for 1 hr. The orange solution was poured on 
ice, basified, and extracted with ether. Isolated by chromatography on alumina from benzene 
solution, the nitrile (0-28 g.) formed colourless needles (from light petroleum), m. p. and mixed ® 
m, p. 43--44°; the infrared spectrum was identical with that of the authentic specimen, showing 
a band at 2222 cm." (C N). 

rhe triazine decomposed explosively when heated with phosphorus pentachloride alone. 

Bamberger and Goldberger's reaction. As originally reported, the triazine gave a reddish- 
violet colour with a-naphthylamine in hot acetic acid. Analogous colour reactions can be more 
quickly carried out as follows: A solution of the triazine in concentrated hydrochloric acid is 
warmed with one of the coupling agent in acetic acid, The colours are as follows: a-naphthol, 


' Pinger, |. prakt. Chem., 1888, 37, 431; cf. Weddige and Finger, ibid., 1887, 36, 262 
* Bamberger and Goldberger, Ber., 1898, 81, 2636 
* Montagne, it Trav, chim., 1900, 19, 46 
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magenta; a-naphthylamine, reddish-violet; f-naphthol, cherry-red; §-naphthylamine, wine- 
red; dimethylaniline, nouwe. Addition of alkali to the coloured solutions from a- or 8-naphthol 
discharges the colours with precipitation of scarlet dyes (cf. phenylazo-§-naphthol). 


The authors are indebted to Professor R. B. Turner for his interest. 


Ine Rice Lysrirute, Houston, Texas, U.S.A Received, March 22nd, 1956.) 


628. Four Anomalous Substitution Reactions. 
By F. Bei. 


(a) Bromination of 4-Acetoxydiphenyl.—Although 4-acetoxydiphenyl undergoes 
chlorination ! in position 4’, Hazlet and Kornberg * showed that, surprisingly, it undergoes 
bromination in position 3. P. W. Robertson*® has suggested that the anomaly may be 
explained in the following way. When 4-acetoxydiphenyl is heated in acetic acid with 
bromine a trace of 4-hydroxydiphenyl is produced by hydrolysis and is immediately 
brominated in position 3; the resultant 3-bromo-4-hydroxydiphenyl then undergoes 
cross-acetylation to yield 4-acetoxy-3-bromodipheny] with production of more 4-hydroxy- 
diphenyl, and so on. According to this view, under acetylating conditions, which would 
prevent the formation of any free phenol, bromination should occur at position 4’. This 
is now found to be the case, 


Bromine (1 mol.) was added to 4-acetoxydipheny] (4 g.) dissolved in a slightly warm mixture 
of acetic acid (10 c.c.) and acetic anhydride (5 c.c.) containing a crystal of iodine. The colour 
was rapidly discharged and on cooling there separated 4-acetoxy-4’-bromodiphenyl (0-8 g.), 
m. p. 130° after recrystallisation from benzene; it was rapidly dissolved by warm sodium 
hydroxide solution, to give 4’-bromo-4-hydroxydiphenyl, m. p, 166° after recrystallisation 
from ethanol, The filtrate was poured into water and the precipitate found to be slightly 
impure 4-acetoxydiphenyl. 

The above experiment was repeated with 3 mols. of bromine. The first crop of 4-acetoxy- 
4’-bromodiphenyl amounted to 1-6 g. and a further 1-35 g, was isolated by fractional erystal- 
lisation of the material obtained by pouring the filtrate into water, This corresponds to a 
yield of over 50% of the 4’-bromo-derivative. 


(b) Bromination of 2-Acetamido-6 : 6: 7 : 8-tetrahydronaphthalene.—Smith * found that 
N-acetyl-5 : 6: 7 : 8-tetrahydro-2-naphthylamine on bromination gave 82°, of the 1-bromo- 
derivative together with a 12% yield of, surprisingly, the 4-bromo-derivative. The latter 
was oriented by hydrolysis and elimination of the amino-group to give 5-bromo-1 : 2:3: 4- 
tetrahydronaphthalene, b. p. 258—259° (Smith had recorded b. p. 238—239° for the 
6-bromo-isomeride). 

Kieffer and Rumpf® state that the isomeric bromo-bases obtained from Smith's 
acetamido-compounds have identical pK, values and conclude that the compound de- 
scribed as the 4-bromo-derivative must in point of fact be the 3-bromo-derivative. This 
is now shown to be correct, 


N-Acetyl-5 : 6: 7: 8-tetrahydro-2-naphthylamine was brominated by Smith’s method, 
and the isomers were separated, hydrolysed, and deaminated. The products, which according 
to Smith are both 5-bromo-1: 2:3: 4-tetrahydronaphthalene and indeed show no significant 
difference in b. p., were nitrated by the method of Morgan, Mickiethwait, and Winfield,* and 


! Savoy and Abernethy, /. Amer. Chem. Soc., 1942, 64, 2220, 2719 
* Hazlet and Kornberg, ibid., 1939, 61, 3037. 
* P. W. Robertson, personal communication, 
‘ Smith, J., 1904, ab, 729, 
* Kieffer and Rumpf, Compt. rend., 1960, 280, 1874. 
Morgan, Micklethwait, and Winfield, /., 1904, 85, 746 
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the products crystallised from light petroleum until of constant m. p. Smith's 1-bromo-N-acetyl- 
5: 6:7; &-tetrahydro-2-naphthylamine gave a dinitro-compound which formed plates, m. p. 
94-95", and his second compound gave a dinitro-compound which formed needles, m. p. 
102-103". A mixture of the two dinitro-compounds had m. p. 63—70°. Morgan, Mickle- 
thwait, and Winfield give m. p. 91° (plates) for dinitro-5-bromo-1 : 2: 3: 4-tetrahydronaphtha- 
lene and m. p. 105-——106° (with softening at 103°) (needles) for dinitro-6-bromo-1 ; 2: 3: 4- 
tetrahydronaphthalene, and record a mixed m. p. 61—-72°. Smith's 4-bromo-compound is, 
therefore, the 3-bromo-compound, and this conclusion was confirmed by showing that the 
bromo-5 : 6: 7; 8-tetrahydro-N-toluene-p-sulphonyl-2-naphthylamine derived from it is 
smoothly converted by the action of N-bromosuccinimide in pyridine into the compound, m. p. 
195°, previously described as 1: 3-dibromo-N-toluene-p-sulphony!-5 ; 6: 7 : 8-tetrahydro-2- 
naphthylamine.’ 

The result of bromination of N-acetyl-5: 6:7: 8-tetrahydro-2-naphthylamine in acetic 
acid is, therefore, very similar to the result of nitration.* 

(c) Nitration of 4-tert.-Butylbenzoic Actd.—Battegay and Haeffely ® obtained 4-tert.- 
buty]-2-nitrobenzoic acid, m. p. 145°, by the oxidation of 4-¢ert.-butyl-2-nitrotoluene, The 
acid, m. p. 161°, obtained by Kelbe and Pfeiffer ™ by the nitration of p-tert.-butylbenzoic 
acid must, therefore, be, as expected, the 3-nitro-derivative. 

Verley '' obtained a crude 4-tert.-butylbenzyl bromide by bromination of p-4ert.- 
butyltoluene. From this he prepared 4-lert.-butylbenzyl alcohol. He states that the 
bromide, the alcohol and, also, p-tert.-butylbenzoic acid with nitric acid all yield the same 
dinitro-tert.-butylbenzoic acid, which he regards as the 2 : 5-dinitro-acid. Beyond stating 
that the dinitro-acid can be recrystallised from ethanol he gives no other properties, not 
even the m. p. Although the 2: 5-structure might be regarded as not unlikely for the 
compound derived from the bromide or alcohol if one nitro-group were introduced before 
oxidation, it remains an improbable structure for the product of nitration of p-tert.-butyl- 
benzoic acid unless steric hindrance to the entry of the second nitro-group ortho to the 
tert.-butyl-group were the paramount factor. Results with related compounds * show 
that this is unlikely. 

Re-examination of the bromination of fert.-butyltoluene under the conditions employed 
by Verley showed the product to be far from uniform and, therefore, it was decided to 
prepare 4-lert.-butyl-2 : 5-dinitrobenzoic acid and compare it with the product of nitration of 
p-tert.-butylbenzoic acid. The two were not identical and, therefore, the nitration of /- 
tert.-butylbenzoic acid almost certainly proceeds in a normal manner, viz., at positions 3 : 5. 


4-tert.-Butyl-2 : 5-dinitrobenszoic Acid,—4-tert.-Butyl-2-nitrobenzoic acid® (1-8 g.; m. p. 
145-—147°) was added, without cooling, to a mixture of fuming nitric acid (5 c.c.) and sulphuric 
acid (5 c.c.). After a short while the mixture was poured on ice, and the sticky precipitate 
repeatedly recrystallised from acetic acid, to give 4-tert.-butyl-2 ; 5-dinitrobenzoic acid as needles, 
m, p. 232-—234° (Found: C, 49-8; H, 42. C,,H,,O,N, requires C, 49-3; H, 45%). 

4-tert.-Bulyl-3 : 5-dinitrobenzoic Acid.—This was obtained from 4-tert,-butyl-3-nitrobenzoic 
acid, m. p. 163°, by the same method, It crystallised from acetic acid in hexagonal prisms, 
m,. p. 270-—273°, and was clearly identical with the acid, m. p. 270-—-272-5°, obtained by 
Carpenter and Easter #4 as a by-product from the nitration of p-fert,-butylbenzaldehyde (Found : 
N, 10-0, Cale. for C,,H,,O,N,: N, 10-4%). 


(d) Chlorination of N-Toluene-p-sulphonyl-3 : 5 : 1-xylidine.—The interaction of N- 
toluene-p-sulphonylxylidines with chlorine gives addition compounds of various types, 
the structures of which suggest that a nuclear methyl group tends to inhibit addition at 
a neighbouring carbon atom. It might be expected, therefore, that 3 : 5-xylidine would 
undergo straightforward substitution without addition and such proved to be the case. 


Bell and Gibson, /., 1955, 26 
* Schroeter, Annalen, 1922, 426, 39 
* Dattegay and Haeffely, Bull, Soc. chim. France, 1924, 36, 956. 
'? Kelbe and Pfeiffer, Ber., 1896, 19, 1726 
'! Verley, Bull. Soc. chim. France, 1898, 19, 60 
'* Bell and Buck, J. 1956, 1890 
'* Carpenter and Easter, ]. Org. Chem., 1954, 19, 91. 
14 Bell, ]., 1965, 2376. 
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3: 5-X ylidine.—The following preparation appears more advantageous than that of Haller, 
Adams, and Wherry.“ N-Toluene-p-sulphonyl-2 : 4-xylidine (40 g., powdered) was suspended 
in acetic acid (160 c.c.), and fuming nitric acid (10 c.c.) in acetic acid (15 c.c.) added, A clear 
solution resulted with considerable rise in temperature. On cooling, crystals separated, which 
after recrystallisation from ethanol had m. p. 138—-139°. A further crop was obtained by 
dilution of the filtrate (yield, 105 g. from 120 g.)._ This nitro-compound (40 g.) was added with 
stirring to sulphuric acid (40 c.c.) and, after its dissolution, absolute ethanol (200 c.c,) was 
slowly poured in. The mixture was cooled to 5° and sodium nitrite (8-8 g.) in water (12 c.c.) 
introduced below the surface. After a few minutes copper powder was stirred in: vigorous 
decomposition occurred with temperature rise to 50°. The product, on distillation in steam, 
gave 5-nitro-1: 3-xylene (14-4 g.), which was reduced in ethanolic solution with stannous 
chloride in hydrochloric acid to 3 ; 5-xylidine (16-7 g. from 32-2 g.). With toluene-p-sulphonyl 
chloride in pyridine this gave N-toluene-p-sulphonyl-3 : 5-xylidine, m. p. 91° after recrystallisation 
from aqueous acetic acid (Found: C, 65-0; H, 6-0. C,,H,,O,NS requires C, 65-4; H, 6-2%). 

Chlorination of N-Toluene-p-sulphonyl-3 : 5-xylidine.—(a) Sulphury!l chloride was added to 
the compound which rapidly dissolved. On evaporation of the excess of sulphuryl chloride a 
white solid remained, which after recrystallisation from acetic acid gave 2: 4-dichloro-N-toluene- 
p-sulphonyl-3 : 5-xylidine in prisms, m, p. 125° (Found: C, 52-6; H, 43. C,,H,,O,NSCI, 
requires C, 52:3; H, 44%). 

(b) Chlorine (4 mols.) was passed into a solution of the compound in cold chloroform, The 
product was concentrated and diluted with light petroleum, to give crystals, which gave 
2: 4: 6-trichloro-N-toluene-p-sulphonyl-3 : 5-xylidine, m. p. 171°, prisms from acetic acid or 
fine needles from ethanol (Found : C, 47-6; H, 3-7. C,,H,,O,NSCl, requires C, 47-5; H, 3-7%). 
The mother-liquor gave the dichloro-derivative (above). 


The author is indebted to Dr. J. W. Minnis for the microanalyses and to the Carnegie Trust 
for the Universities of Scotland for a grant. 


Heriot-Watt CoL__ece, Epinsuran, [ Received, April 3rd, 1956.) 


1* Haller, Adams, and Wherry, J. Amer. Chem. Soc., 1920, 42, 184. 


629. The Hydrolysis of 3 : 5-Dinitrobenzoates. 
By J. CasTELLs and G, A, FLETCHER. 


DurinG work on steroid chemistry a new method was developed for the hydrolysis of 
3 : 5-dinitrobenzoates, which is effected by passing a benzene solution of the ester through 
alumina previously impregnated with alkali. The instantaneous violet coloration on 
contact of the solution with the alumina indicates that the hydrolysis is immediate, and 
the limitation of the coloured zone to the upper part of the column shows the reaction to 
be complete. 

The method has been successfully applied to more than a dozen steroid and triterpenoid 
3: 5-dinitrobenzoates (with quantities from 10 mg. to 5 g.), and in all cases excellent 
yields were obtained. An illustration of the method is given in the case of cholestan-36-yl 
3 : 5-dinitrobenzoate. 


Experimental,_Alhaline alumina, Alumina (1 kg.; P. Spence, grade H) was shaken for 
2 hr. with a solution of potassium hydroxide (100 g.) in water (75 c.c.). 

Cholestan-38-yl 3: 5-dinitrobenzoate. A mixture of cholestan-36-ol (220 mg.), 3: 5-dinitro- 
benzoy! chloride (400 mg.), and pyridine (2 c.c.) was kept overnight at room temperature. The 
dinitrobenzoate was precipitated with iced water, collected and crystallised twice from ethyl 
acetate-ethanol. Cholestan-38-yl 3: 5-dinitrobenzoate (210 mg.) was obtained as feathery 
needles, m. p. 188-5-—-190°, [a], +15” (c, 1-4 in CHCl,) (Found: C, 70-2; H, 88; N, 485. 
CygH O,N, requires C, 70-1; H, 865; N, 48%). 

Hydrolysis.Cholestan-36-yl 3 : 5-dinitrobenzoate (170 mg.) in benzene (3 c.c.) was adsorbed 
on to alkaline alumina (10 g.; 15 x 9cm.). Elution with benzene-ether (3:1; 50 c.c.), and 
removal of the solvent gave (without crystallisation) cholestan-36-ol (111 mg.), m. p. 139-—-140-5”, 


3246 Notes. 


{a}, + 22° (c, 1-0 in CHCI,) (Found: C, 83-3; H,12-3, Cale. forC,,H,,O0: C, 83-4; H, 12-45%). 
The mixed m. p. with an authentic specimen of cholestan-36-ol {m, p. 142—143°, [a], 4-23° 
(c, 0-7 in CHCI|,)} was 139-56—142-5°, 


The authors are grateful to Professor E. R. H. Jones, ¥.R.S., for his interest in this work. 
Thanks are expressed for maintenance grants from the Department of Scientific and Industrial 
Kesearch (to G, A, F.), and from the British Council and the Consejo Superior de Investigaciones 
Cientificas de Espafia (to J. C.). 


DEPARTMENT OF CHEMISTRY, 
Tne University, MANCHESTER, 13, . Received, Apvil 12th, 1956.) 


630. The Sulphonation of Diphenyl Sulphide. 
J. Cuatr and A, A, WILLIAMS. 


In order to examine the formation of complex compounds of organic sulphides with 
silver ion in aqueous solution it was necessary to prepare a water-soluble organic sulphide. 
It seemed that the sodium salt of phenyl p-sulphophenyl sulphide would be suitable, and 
we record here its preparation, 

In 1893 Otto and Tréger * treated diphenyl sulphide with concentrated sulphuric and 
also with chlorosulphonic acid, isolating a barium mono- and di-sulphonate of unknown 
orientation. They claimed that the disulphonate obtained by use of sulphuric acid differed 
from that obtained with chlorosulphonic acid ; the former had one molecule of water of 
crystallisation and the latter three. Bourgeois and Petermann ® later established that 
treatment with sulphuric acid at 15° gave the 2: 4’- and 4: 4’-disulphonate, but at 100 
only the 4: 4’-isomer. It seemed probable therefore that Otto and Tréger’s mono- 


sulphonate would be the 4-sulphonic acid, of which we required the sodium salt. We 
found the barium, sodium, and S-benzylthiuronium salts of their acid to be identical with 
the salts of the 4-sulphonic acid prepared by the annexed unambiguous synthesis. 


p-ClCyHyNO, + NaSPh ——te p-PhS'C,H,-NO, —> 
p-PhS*C,H,/NH, —— p-PhS°C,H,'SO,H ——t p-Ph$*C,H,-SO,H 


Phenyl o-sulphinophenyl sulphide and the corresponding sulphonic acid were also 
prepared by a similar synthesis. They were isolated and characterised as their S-benzyl- 
thiuronium salts. 

Contrary to Otto and Tréger’s observation, disulphonation of diphenyl sulphide with 
sulphuric acid and with chlerosulphonic acid gave us an identical product. Its barium 
salt crystallised with one molecule of water. 

L. A. Duncanson kindly examined for us the infrared spectrum of the solid sodium salt 
of the 4-sulphonic acid, prepared by each method, and of the 4: 4’-disulphonic acid, The 
spectra were consistent with the orientations assigned and had no bands in the 765 
700 cm. ? region, where bands due to m-isomers would occur. 


E-xperimental.--Microanalyses are by Messrs. W. Brown and A. G. Olney of these 
laboratories 

rhe sulphonic acids were isolated as their barium salts which were purified by repeated 
recrystallisation from water, A barium salt was converted into a sodium salt by treatment in 
hot aqueous solution with a slight deficiency of sodium sulphate, the precipitated barium 
sulphate being removed and the conversion completed by running the hot filtrate through a 
column of cation-exchange resin saturated with sodium ions. This method has the advantage 
that a moderately sized column of resin can be used without regeneration to convert relatively 
large batches of barium salts into the sodium salts. The aqueous solution on evaporation gave 
the pure sodium salt without recrystallisation, The sodium salts usually crystallised poorly 


' Otto and Tréger, Ber., 1893, 26, 993 
* Bourgeois and Petermann, Rec, Trav. chim., 1903, 22, 349, 356 


(1956) Notes. 3247 


and had indefinite amounts of water of crystallisation. They were rendered anhydrous at 
130°. The S-benzylthiuronium sulphonates were obtained by mixing a concentrated aqueous 
solution of the thiuronium hydrochloride with very slightly acid solutions of the barium or 
sodium sulphonate, 

The equivalent weights of the salts were determined by running a known weight of the salt in 
hot aqueous solution through a column of the acid form of a cation-exchange resin (Zeo-Karb 
225) and titrating the liberated acid with alkali. 

4-Sulphonates from diphenyl sulphide. (1) Direct sulphonation. Diphenyl sulphide was 
sulphonated with chlorosulphonic acid (1 mol.), and the monosulphonic acid isolated as its 
barium salt by Otto and Tréger’s method [Found : equiv., 333. Calc. for §(Cy,H,,0,5,Ba) : 
equiv., 334]. The barium salt was converted into the sodium salt (Found: C, 49-8; H, 3-2%; 
equiv., 288. C,,H,O,5,Na requires C, 50-0; H, 3-2%; equiv., 288). The S-bensylthiuronium 
salt, recrystallised five times from aqueous ethanol, had m. p. 155° (Found: C, 55-6; H, 4-65, 
CapH gO N.S, requires C, 55-5; H, 4:7%). 

(2) Unambiguous synthesis. p-Nitrophenyl phenyl sulphide * was reduced to the amine 
which was converted ¢ into its sulphate. This (20 g.) was suspended in dilute sulphuric acid 
(8-2 c.c. of concentrated acid; 112¢.c, of water), and diazotised at 3—4° by sodium nitrite (6 g.) 
in water (50 c.c.). The resultant suspension, when added to cold aqueous sulphuric acid 
(16-5 c.c. of concentrated acid; 22 c¢.c. of water), dissolved to a yellow, slightly cloudy solution, 
Sulphur dioxide was then passed through at 3—8° until 18 g. had been absorbed, Gattermann 
copper (25 g.) was added slowly with stirring, and the reaction completed by warming the 
solution until nitrogen evolution ceased. 

The copper and other residues were filtered off and washed with water. The filtrate 
contained no sulphinic acid (no orange precipitate with ferric chloride) and was discarded, The 
copper was repeatedly extracted with 50 c.c. portions of dilute aqueous ammonia (d 0-880, 1 vol. ; 
water, 3 vols.) until a fresh extract contained no sulphinic acid (FeCl, test on acidified sample). 
The extract was then run slowly with stirring into a strongly acid solution of ferric chloride 
(60% VeCl, solution, 100 ¢.c.; 18% hydrochloric acid, 400 c.c,) at room temperature, and the 
orange precipitate of the ferric sulphinate filtered off, washed, and air-dried, Drying was 
completed at 40° in air, At 100° decomposition to a black sticky solid occurred, The resultant 
ferric salt was finely ground and slowly added with vigorous stirring to dilute aqueous ammonia 
(500 c.c.) at just below its b, p. The suspension was digested for 4 hr., then filtered, and the 
filtrate evaporated to one-third of its volume, cooled, and filtered; this filtrate was evaporated 
further to 100 c.c. and, on cooling, deposited a white substance, presumably the ammonium 
sulphinate. This was not isolated but was re-dissolved by warming the suspension to 50° and 
small quantities (}—1 ¢.c.) of 10-vol. hydrogen peroxide were added. Five minutes after each 
addition the solution was spotted on a plate with ferric chloride, When such tests yielded only 
a faint opalescence (instead of a definite orange precipitate), the solution was heated to the b. p. 
and barium chloride solution added in excess. The crude barium sulphonate separated on 
cooling and was recrystallised from water (charcoal). The yield varied from 0 to4g, This 
product was extracted with acetone and then recrystallised from water until it had the correct 
equivalent weight (Pound: C, 43-1; H, 28%; equiv., 332. Cale. for CyH,,O,5,Ba: C, 
43-15; H, 27%; equiv., 334). “Prepared from it were the sodium salt (Found: C, 49-7; H, 
35%; equiv., 290), and the benzylthiuronium salt (Found : C, 55-4; H,46%). Itsm, p. (155°) 
was unchanged on admixture with the benzylthiuronium salt of the acid obtained by direct 
sulphonation, The infrared spectrum of the sodium salt was identical with that of the sodium 
salt obtained by direct sulphonation. 

S-Benzylthiuronium salt of phenyl o-sulphophenyl sulphide, This was prepared in rather poor 
yield from o-nitrophenyl phenyl sulphide by an analogous series of reactions. After the 
hydrogen peroxide oxidation, however, the solution was made just acid and the benzyl- 
thiuronium salt precipitated directly. The rather sticky crude product after six recrystallisations 
from aqueous ethanol gave white needles, m. p. 146° (Found: C, 554; H, 46; N, 6-6, 
CoollegOgNa5g requires C, 55-5; H, 4-7; N, 65%). The S-benzylthiuronium o-sulphinate was 
obtained by neutralising the ammonia extract of the Gattermann copper in the preparation of 
the sulphonate and treating it directly with aqueous thiuronium hydrochloride, The crude 
salt was recrystallised six times from aqueous ethanol to give white needles, m. p, 171-6-—172° 
(Found: C, 57-7; H, 49; N, 7-0. C,.H,,O,N,5, requires C, 57-7; H, 4-8; N, 67%). 


* Willgerodt and Klinger, J. prakt. Chem., 1862, 85, 194 
* Waldron and Keid, J. Amer. Chem. Soc., 1923, 45, 2403 
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Ii-p-sulphophenyl sulphide. Diphenyl eulphide was treated with chlorosulphonic acid 
(2 mols.) as described by Otto and Tréger, and the disulphonic acid isolated as its barium salt 
(Loss at 130°, 40, Calc. for C,,H,O,5,Ba,H,O: H,O, 36%). The salt was then anhydrous 
(Found: equiv., 241, Cale, for C,,H,O,S,Ba: equiv., 241). Sulphonation with sulphuric 
acid at 100° gave the same product (Loss at 130°: 37%). This was converted into the sodium 


salt (Found : C, 36-6; H, 22%; equiv., 197. C,H,O,S,Na, requires C, 36-9; H, 21%; equiv., 
195). The S-benzylthiuronium salt, recrystallised from aqueous ethanol, had m. p. 198-5— 
200-5° (Found ; C, 49-8; H, 4-4; N, 84. CygHyO,N,S, requires C, 49-5; H, 4-4; N, 8-25%). 
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631. The Solubility of Tungsten Trioxide in Hydrochloric Acid. 
By (the late) S, E. S. Et Waxxap and H. A. M. Rizk. 


INCIDENTALLY to another investigation the solubility of tungsten trioxide in hydrochloric 
acid at room temperature has been determined. The results tabulated below show the 


minimum for 0-5m-acid, 


417 278 141 100 O60 O11 0075 0-015 


HCI (m) 720 685 650 
108 90 Til 637 859 920 11-0 


WO, (10~* mole/l.) 38-4 276 184 163 


Facurty ov Science, Carro UNIVERSITY, 


Giza, Eoyrt [Received, December 8th, 1955.) 
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This report of a Symposium held in London on 2nd February, 1956, is the fourth 
in The Chemical Society's series of Special Publications. The following are the main 
contributions : 


** Steric Effects in Azo and Indigo Dyes,’ by Wallace R. Brode (Washington). 

“ cis-trans-lsomerism in Azo-dyes,"’ by E. Atherton and R. H. Peters. 

“Synthesis of Azaporphins and Related Macrocycles,” by J. A. Elvidge 
(Imperial College). 


Synthetic Carotenoids,” by O. Isler, H. Lindlar, M. Montavon, R. Riiegg, 
G. Saucy, and P. Zeller (Basle). 


“Modern Theories of Colour,’ by M. J. $. Dewar (London). 


In addition to the above papers, much information is given in the report of the 
discussion, which is included in the publication. 
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itration 
In non-aqueous 
solvents 


The development of acid-base titrations 
in solvents other than water has greatly 
extended the range of volumetric analysis. 
The theoretical considerations involved 
and practical details of technique are 
explained in the latest B.D.H. booklet. 
Copies of the booklet are free and a 
complete range of B.D.H. reagents and 
indicators specially prepared for non- 
aqueous titrations is available. 
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